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Chapter 1 - Introduction 
The introduction provides an overview of metal oxides and their applications in industry. 
The basics of photovoltaic (PV) cells are described and the properties needed for each 
layer are discussed. The deposition techniques used to obtain thin films are also surveyed 
and the current precursors used in the deposition of Transparent Conducting Oxides are 
assessed. Finally, a rationale for the selection of the chosen ligand systems utilised in this 
thesis is presented and a decomposition pathway enabling their use in single source 
precursor development is proposed. 
Chapter 2 – Synthesis of Zirconium amidates and deposition of ZrO2 
This chapter focuses on the synthesis of six zirconium amidate compounds and their 
characterisation. Their thermal decomposition profiles were assessed by 
thermogravimetric analysis and the decomposition pathway was identified by trapping 
and analysing the by-products of thermolysis. Aerosol-assisted chemical vapour 
deposition (AACVD) was carried out in the temperature range 350 – 650 °C with the 
chosen precursor and analysis of the obtained films by XRD, SEM, UV/Vis spectroscopy 
is discussed.  
Chapter 3 – Synthesis of Zinc and Aluminium amidates and deposition studies 
The synthesis and characterisation of hetero- and homoleptic zinc and aluminium amidate 
precursors is described. Their ability to act as single source precursors for the deposition 
of ZnO and doped ZnO thin films is analysed by thermogravimetric analysis. The chosen 
precursors are taken through to AACVD deposition studies. The obtained films are 
analysed by various analytical techniques and their ability to act as TCO layers is analysed 
by UV/Vis spectroscopy and resistivity measurements.  
Chapter 4 - Deposition of SnS thin films from Sn(II) thioamidate precursors 
This last chapter focuses on the deposition of SnS thin films. Two Sn(II) thioamidate 
precursors were synthesised by a simple isoelectronic replacement of a O atom in the 
amidate ligands for a S atom. As with the previous chapters, the thermal decomposition 
profile was analysed and the decomposition pathway was determined. Deposition studies 
were carried out and the purity of the obtained films was analysed by XRD and Raman. 
Preliminary EQE measurements were carried out to determine whether these films could 
be used as absorber materials in PV cells.  
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Chapter 5 - Future Work 
This section lays out the future aims of the project and discusses what could be done to 
improve the obtained films. 
Chapter 6 – Experimental 
Detailed experimental procedures for the synthesis of the pro-ligands and metal 
(thio)amidate compounds with characterisation data including NMR and crystallography 
tables. Experimental details of the deposition processes for thin films is included 
alongside instrumental details and methods of analysis.  
Chapter 7 – Appendix 
List of compounds and a diagram of the equipment used in the collection of the volatile 
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1.1 Metal Oxides  
Metal oxides are among the most technologically important materials, used in many 
industries such as automotive, electronics, thermal and solar control for buildings. They 
are made up of an extended array of O2- anions and metal (Mn+) cations with the general 
formula MxOy. The values of x and y are determined by the oxidation state of the metal. 
A metal oxide can be an insulator or semiconductor and its role depends on these 
properties. To determine which category each metal oxide falls in to it is important to 
review the band theory of solids.  
In a metal oxide there are an infinite number of atoms, N. When these are arranged in a 
lattice their atomic orbitals (AOs) overlap which leads to a large number of molecular 
orbitals (MOs) that are so close in energy they form an almost continuous ‘band’ (Figure 
1.1).1, 2 The lowest energy MO is fully bonding and the highest energy MO is fully 
antibonding with adjacent atoms. Numerous combinations of bonding and antibonding 
orbitals have energies which lie in between these values. 
 
Figure 1.1 Diagram to illustrate the band theory in solids. 
A band formed from overlap of s orbitals is called the s-band, while the same procedure 
with p-orbitals leads to the formation of a p-band and d-orbitals make d-bands. If the 
lowest energy p-orbital has a higher energy then the highest energy s-orbital then a ‘band 
gap’ can be created between them. This is a range of energies for which no molecular 
orbitals exist. The occupation of each band depends on the number of valence electrons 
available. According to the Pauli Exclusion Principle no two electrons can have the same 
N = 1 
N = 3 
N = 4 
N = 5 
N = ∞ 






quantum numbers, such that when two electrons occupy the same orbital their spin 
magnetic quantum number, ms, must be different. The electrons will form pairs and 
occupy MOs starting from the lowest MO level and filling up the band. The highest 
occupied energy level is called the Fermi Level which is denoted EF.  
Density of states diagrams are used to represent the number of electrons which may 
occupy a certain band and the position of EF. These diagrams can give information on the 
degree of overlap of the atomic orbitals within a particular band. A wide band means that 
the orbitals are strongly overlapping and the electrons are considered dispersed over the 
whole lattice, whereas, in a narrow band the orbitals are weakly overlapping and the 
electrons are more strongly associated with the nuclei. When EF lies within the band ie. 
the band is half filled, the next empty energy level to which electrons can be promoted is 
very close in energy. Very little energy is, thus, required to promote the electron and the 
material can have metallic properties (Figure 1.2). When the highest occupied level is at 
the top of a band, the band is filled and is known as the valence band (VB). EF is usually 
depicted in between the VB and the next empty band, which is known as the conduction 
band (CB). If there is a large separation (> 3-4 eV) between the two bands and the 
electrons cannot be easily promoted into the next level the material is an insulator 
(Figure 1.2). Well known examples of insulator materials are ZrO2 and HfO2, which are 
used as gate dielectrics in transistors. For materials which have a band separation of 
≤ 3 eV there is sufficient energy at room temperature to promote electrons at the EF into 






























                                      
Figure 1.2 Density of State diagrams for metal (top left), insulator (top right) and semiconductor (bottom) materials. 
 
Photons of light can also be used to excite an electron, and the absorption of light can 
create an electron-hole pair and the electron can be promoted in the CB. Absorption 
occurs when the photon of light has energy greater than the band gap. Semiconductors 
can have direct or indirect band gaps. When the maximum-energy state in the valence 
band and the minimum energy state in the conduction band have the same momentum 
then the band gap is direct, whereas if they have a different momentum then the band gap 
is indirect (Figure 1.3). In direct semiconductors, the absorption of light is straightforward 
as the momentum in both bands is the same. However, in indirect semiconductors the 
direct transition in the CB requires a photon with a much higher energy or the photon can 
be absorbed by a two-step process which includes the photon interaction and then phonon 
exchange. This two-step process results in a smaller possibility of photon absorption 
meaning that the photon can travel further into the material without being absorbed. This 





























The band gap, thus, controls the portion of the electromagnetic spectrum that can be 
transmitted or absorbed. Examples of metal oxides with direct band gaps include but are 
not limited to SnO2 and ZnO. These materials can be used as photocatalysts, smart 
coatings and in photovoltaic applications. This thesis will be broadly concerned with the 
deposition of thin films of both types of materials but will focus primarily on 
semiconducting oxides and their use in photovoltaic devices.  
 
1.2 Photovoltaic Cells and Transparent Conducting Oxides 
The world’s net electricity generation was 21.6 trillion kilo Watt hours (kWh) in 2012,3 
an amount which is set to increase by 69% by 2040.3 Increasing concern over 
environmental factors such as climate change and pollution mean that we need to move 
away from using fossil fuels because they are a finite resource with limited availability, 
while their use also emits a large quantity of greenhouse gases. Instead, we need to look 
towards using renewable energy sources such as wind, hydroelectric, biofuels and solar. 
It is projected that by 2040 29% of the world’s electricity will be generated by renewable 
energy sources.3 At present, solar energy only accounts for a small portion of the total 
electricity generated but is the fastest growing form of renewable energy. In the past 
30 years global capacity for solar energy production has increased from 0.1 Giga Watts 
Figure 1.3 Diagram to illustrate direct (left) and indirect (right) band gaps. 



















(GW) in 1992 to 40 GW in 20104 and it is expected that by 2040 solar energy will generate 
15% of the world’s electricity.5 The growth in this area has come about from large 
investments in photovoltaic (PV) research and development and support from the 
government for residential PV systems to make it more accessible to the general public. 
The birth of photovoltaics occurred in 1839 when Becquerel discovered that an electric 
current could be generated using sunlight. This is known as the photoelectric effect and 
it occurs in four basic steps: light absorption, conversion of the excited state, separation 
of free electron – hole pairs and recombination to the ground state.6, 7 Although seventy 
years later, in 1905, Albert Einstein published his first paper on the photoelectric effect, 
it was not until 1954 that the first silicon photovoltaic cell was made by Chapin, Fuller 
and Pearson at Bell Labs.8 These silicon cells make up the first generation of 
photovoltaics and now typically demonstrate a performance of 15 – 20% over a lifetime 
of 20 years.9 Such devices also require high energy input, however, during the 
manufacturing process. The second generation of PV cells is based on amorphous silicon, 
copper indium gallium selenide (CIGS) or cadmium teleride (CdTe).10 While providing 
typical efficiencies of 10 - 15%, CIGS is disadvantaged by the rarity of indium and 
resultant high cost needed to purchase the necessary materials. Furthermore, CdTe 
contains cadmium which is highly toxic such that the use of these cells is tightly restricted. 
A third generation of photovoltaics uses organic materials or polymers, while the newest 
class of PV cells are lead perovskite solar cells that have rapidly advanced to provide 
efficiencies of > 20%.9, 11 These latter materials are also made up of toxic elements 
(ie. Pb) so again there is some concern over environmental issues and stability over their 




   
Figure 1.4 General diagrams of the structure of photovoltaic cells. (a) silicon cell, (b) CIGS cell, (c) CdTe cell and 
(d) perovskite cell. Yellow is the TCO layer, Blue is the absorber layer, Black is the back contact, Orange and Green 
are buffer layers. 
Each of these PV cells are made up of layers of different materials and can be generalised 
into three different components: a back contact, absorber material and a top contact 
(Figure 1.5). Each layer of a PV cell has a different role to play, with the most important 
part of the conversion process occurring in the absorber material. This is made up of an 
intrinsic semiconducting material and contains a p – n junction.  
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To explain how the cell works and how p-n junctions are formed, an example of a 
crystalline silicon solar cell will be discussed (Top left, Figure 1.4). Silicon itself has a 
very low conductivity (ca. 3 x 10-6 Ω-1 cm-1), therefore external dopants need to be added 
to enhance the conductivity and thus increase efficiency. The silicon layer has two regions 
which have been doped with different dopants. One area is typically doped with 
pentavalent phosphorus which has n+1 electrons compared to a silicon atom.12, 13 As a 
result, the extra electron is free to move through the lattice and acts as a negative charge 
carrier. This process is known as n-type doping (Figure 1.6). The other area is typically 
doped with a trivalent atom such as a boron which has n-1 electrons compared to silicon. 
This means the boron atom can accept an electron from a neighbouring silicon atom 
which leaves behind a positive hole which acts as a charge carrier and is known as p-type 
doping (Figure 1.6). The area where these two areas meet is known as the p-n junction.  





At this junction, holes from the p-layer can diffuse into the n-layer and electrons from the 
n-layer can diffuse into the p-layer leaving behind negative and positive charges, 
respectively; this is known as the depletion zone. When a photon of light impinges on the 
depletion zone an electron is excited into a higher energy level causing a separation of an 
electron-hole pair. The electron then moves into the n-layer and the hole moves through 
the p-layer where they will meet the front and back contacts respectively and are then 
transported through the external circuit to the load (Figure 1.7).                           
P 
Si Si Si 
Si Si 
Si Si Si 
B 
Si Si Si 
Si Si 
Si Si Si 
Figure 1.6 (Left) Shows presence of a phosphorus dopant with an extra electron in red. (Right) Shows a boron 




                         
Figure 1.7 Diagram showing the depletion zone in a silicon solar cell and the movement of electrons and holes after 
light irradiation. 
Properly positioned contacts are therefore imperative to optimise the efficiency of the 
solar cell. These must be conducting to allow the electron and hole charge carriers to 
move into the circuit. The back contact is usually metallic to reflect any visible light 
which has passed through the absorber material back into the cell to increase the 
absorption efficiency. The top contact must be transparent, however, to allow visible light 
into the cell and reach the absorber material. 
For PV cells, transparent conducting oxides (TCOs) provide ideal transparent contacts as 
they enable maximum surface area coverage for photons to reach the light absorbing 
layers, whilst still providing a properly positioned electrode. In contrast a network of 
metal contacts would block some parts of the surface reducing the surface area for light 
transmission.14 Each type of solar cell mentioned previously has unique TCO 
requirements. As a consequence, there is no one ‘best’ TCO and properties have to be 
tailored to meet a specific application. 
1.2.1 Properties of Transparent Conducting Oxides 
Transparent conducting oxides (TCOs) are a unique class of material; important not only 
in photovoltaics but also in flat panel displays,15, 16 touch screens,17 gas sensors18 and light 
emitting diodes.19 They comprise a general class of wide band gap semiconductors with 
the general formula MxOy.
20 A TCO must display two key properties; high transparency 
to visible light (>80%) and low resistivity (10-4 Ω cm).21 The factors that affect the 
electrical and optical properties will be discussed in more detail in the following sections. 
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1.2.1.1 Electrical Properties 
The properties of high transparency and high conductivity were initially considered to be 
mutually exclusive in intrinsic stoichiometric metal oxides due to their wide band gaps 
(>3 eV). Section 1.1 states that any material with a band gap of this value should have 
insulating properties. This wide band gap can be overcome, however, by the presence of 
intrinsic defects, ie. metal interstitials and oxygen vacancies (Figure 1.8), which can form 
shallow donor or impurity states close to the conduction band (CB).20 The electrons can 
then be thermally ionised at room temperature into the CB. These interstitials, however, 
tend to be unstable and can be easily affected by the external conditions (eg, high 
processing temperatures (> 600 ºC), oxidising/reducing environments) so the properties 
of the material may not remain constant. Alternatively, extrinsic dopants can also be 
added into the material. These are usually metal ions with a valency (n+1) greater than 
that of the metal ion in the oxide material or a halide with a lower (n-1) negative charge 
than oxygen. In either manifestation the dopant will provide an extra electron which can 
be donated into the lattice. These electrons can become delocalised from the dopant/defect 
site and can occupy levels which are close to or inside the CB. These delocalised electrons 
are known as charge carriers in n-type semiconducting materials.  
        
Figure 1.8 Diagram showing the three types of doping in metal oxides. (Left) Oxygen vacancies, (Middle) Metal 
interstitials, (Right) Extrinsic dopant. 
 
In TCO materials the resistivity depends on not only the electron density, ie. the 
concentration of charge carriers, but also the mobility of these carriers. The concentration 
of charge carriers can be increased by increasing the number of dopants. The more carriers 
present, the lower the resistivity. The optimum dopant concentration is in the range 
1020 - 1021 cm-3.22 Above this value the dopants can distort the lattice which can lead to 
an increase in scattering of charge carriers and also an increase in the number of 




mobility of the carriers and results in a consequent decrease in conductivity. In order to 
produce a TCO with a suitable resistivity value the concentration of charge carriers should 
be kept as low as possible whilst keeping the mobility high.  
1.2.1.2 Optical properties 
A TCO material should have > 80% transmission of light in the visible region. In order 
for a material to transmit light in this region the band gap should be > 3.1 eV. If the band 
gap is smaller than this value then photons of light in the visible portion of the spectrum 
will be absorbed and transparency would be reduced. An example of the transmission, 
absorption and reflectance spectra of ZnO is shown in Figure 1.9.21 
 
 Figure 1.9 UV/Vis spectrum showing reflectance (R), transmission (T) and absorption (A) of ZnO.  
Each TCO material, thus, has a transparency “window” which spans the UV-Vis-NIR 
region. Photons of light with energy greater than the bandgap (hν > Eg) can be absorbed 
and this results in a sharp decrease in transmission, creating the near-UV transmission 
boundary (ca. 300 - 400 nm) illustrated in Figure 1.9. The second boundary of the 
transmission “window” occurs at the near-IR region. Here the transmission is reduced 
due to an increase in the reflection by the plasma resonance of the electron-gas in the CB 
(ca. 800 – 1000 nm, Figure 1.9). The conductivity and transparency are, thus, linked. As 
the number of charge carriers is increased the number of free electrons can increase. As 
a consequence the reflectivity at the near-IR region increases and the transmission is 




While the effect of dopants on conductivity was discussed in the previous section, they 
also play a role in altering the transmission “window”. The dopant electrons can occupy 
levels which are close in energy to the CB. From these levels electrons can be easily 
promoted, thus, the EF is moved into the CB. This is known as the Burstein-Moss (BM) 




                                       
                                        





Due to this shift, the energy needed for an electron to be excited from the VB into the CB 
requires photons with greater energy and lower wavelengths. The absorption edge at the 
UV boundary will, thus, shift to lower wavelengths, causing a widening of the 
transmission “window”. On the other hand, the increase in electron density can have a 
detrimental effect at the near-IR region as discussed previously. The increase in electron 
density will increase reflectivity at the near-IR region and cause a narrowing of the 
window.  
Consideration of the optical and electrical properties and the factors that influence them 
are important when designing materials for TCOs. In particular the number of charge 
carriers are limited so that the resistivity reaches ca. 10 -5 Ω cm without having an adverse 
effect on the transparency and narrowing the transmission window.  
1.2.1.3 Other desirable properties 
Alongside the major attributes which have been discussed above, other TCO properties 
need to be taken into account in order to prolong the lifetime of the solar cell. The TCO 










layer should be compatible with the substrate to prevent the film from delaminating and 
reducing the efficiency. There should also be a good lattice match between each layer to 
help improve the diffusion of charge carriers through the cell. The processing conditions 
needed to deposit the next layer also need to be considered. For example, the deposition 
of a silicon layer typically involves the application of a hydrogen plasma which is very 
reducing. The TCO layer must, thus, be able to withstand these conditions without a 
detrimental effect on its properties.23 The material should also not be toxic for use on an 
industrial scale and for household application so that if any damage caused leeching of 
the metal into the local environmental it would not pose health risks. The availability and 
cost of raw materials also needs to be taken into account; materials should be naturally 
abundant to keep up with the ever increasing demand of the TCO market allowing the 
cost of individual components to be kept to a minimum. The economics of the deposition 
method used to produce the TCOs are also important. The deposition process should be 
kept as simple as possible to enable scale up to the vast quantities needed in industrial 
processes.  
1.3 Current Transparent Conducting Oxide Materials 
The first TCO was reported by Baedeker in 1907; sputtering was used to coat a substrate 
in cadmium which was then partially oxidised by heat treatment in air to yield 
non-stoichiometric CdO.24, 25 The incomplete oxidation led to the presence of oxygen 
vacancies in the film which resulted in the occupation of electronic defect levels close to 
the CB minima. From these levels electrons are easily promoted into the CB. These 
vacancies also allow a broadening of the band gap in stoichiometric CdO (2.28 eV) 
through the Burstein-Moss effect. The band gap of CdO can also be increased to 3.35 eV 
by doping with Sn.26 Although the CdSnOx system was first reported in 1959 by Smith
27 
it was not until 1976 that Haacke realised its importance as a transparent electrode.28, 29 
Regardless of the increase in band gap, CdO films are still considered to be undesirable 
for photovoltaic applications and their use is regulated due to the high toxicity of 
cadmium necessitating the development of alternative TCO materials.24 
Over the past 60 years SnO2, In2O3 and ZnO have been the predominant TCO materials. 
Figure 1.11 shows the different combinations of the binary oxide compounds which can 





Figure 1.11 Diagram showing the range of materials which can be synthesised from mixtures of In, Sn and Zn 
oxides.22 
The first widely used TCO material in photovoltaic devices was tin-doped indium oxide 
(ITO).30 Indium oxide is a semiconductor with a band gap of 2.9 eV.31 Rupprecht 
discovered that this can be increased by addition of dopants such as Sn4+.30 ITO exhibits 
excellent optical and electrical properties, with less than 5% absorbance at 550 nm and 
an electrical resistivity of 5 x 10-6 Ω m (sheet resistance ~ 15 Ω/□).32, 33 It is formed by 
substituting Sn4+ for In3+ in In2O3.
34 It is, thus, important to control the oxidation state of 
the Sn ions as this has a direct effect on the conductivity of ITO. The Sn2+ oxidation state 
acts as an electron acceptor, thereby creating holes in the lattice which trap charge carriers 
and reduce the conductivity of the material.35 In contrast the Sn4+ oxidation state donates 
electrons to the lattice and induces a consequent increase in conductivity. ITO sets the 
current benchmark values in terms of achievable resistivity and transparency and these 
should be targeted when designing new materials for TCOs. While there are numerous 
reasons that a replacement is needed for ITO, the first is the rarity and cost of indium. 
Indium is only produced as a by-product in zinc and iron processing and therefore may 
not be produced in the vast quantities needed to fulfil the needs of an ever growing PV 
industry.36, 37 Another disadvantage of ITO is the typically high processing temperature 
needed to produce a crystalline film (> 400 °C).38 As the industry moves towards the use 
of flexible substrates these processing temperatures would be unsuitable as they would 
destroy the substrate.  
In 1947 Harold McMaster patented the use of SnO2 coated glass to de-ice aeroplane 
windows at high altitudes.39 This film had a transparency of 92% in the visible region and 
resistance of 200 Ω.39 The conductive properties, like CdO, were a result of oxygen 














periods. One way of overcoming this instability is to dope SnO2 with an external dopant. 
The most notable dopant for SnO2 is fluorine to produce fluorine doped tin oxide, (FTO). 
Although metal dopants will replace the cation, the addition of non-metal dopants such 
as F- results in the replacement of the oxygen atoms.40, 41 FTO has a band gap of 4.1 eV 
which has been increased from 3.62 eV in SnO2 and the best reported resistivity value is 
6 x 10-4 Ω cm (7 – 15 Ω/□).42 FTO is the second most widely used TCO material and is 
mainly employed in amorphous-Si solar cells as other TCO materials do not withstand 
the hydrogen plasma processing conditions needed to make the Si layer.23 A major 
disadvantage of FTO is the chemicals that are usually used to produce the film. The 
fluorine source used on a commercial scale is hydrofluoric acid which is extremely toxic 
and has to be handled carefully.  
For PV cells, materials are needed which are abundant, relatively non-toxic and safe to 
handle. One such TCO may be made from zinc; ZnO has attracted vast attention as a TCO 
not only because of its high abundance but also as a result of its wide direct band gap 
(ca. 3.3 eV) and good electrical conductivity.43, 44 ZnO offers an advantage over the 
previous materials because zinc is inexpensive, abundant and relatively non-toxic 
compared to indium and tin.45 Although conductivity may again arise from native 
intrinsic defects, ZnO can also be intentionally doped with inexpensive, largely abundant 
and non-toxic elements such as Al3+ and Mg2+ ions to improve its optical and electrical 
properties.36 Trivalent metal ions such Al3+ donate an electron to the conduction band, 
increasing the number of charge carriers and therefore increasing conductivity. Due to 
the difference in ionic sizes of Zn2+ (0.074 nm) and Al3+ (0.053 nm) high doping levels, 
however, can cause strain and distortions in the lattice structure. As a consequence, a 
maximum solubility limit of 3 at% Al3+ has been found to increase conductivity without 
altering the lattice structure.46  Further doping of ZnO with Mg2+ allows fine tuning of the 
band gap as Mg2+ replaces Zn2+ ions in the lattice. The difference in electronegativity and 
electron affinity of the two ions allows Mg2+ to contribute more electrons into the lattice, 
increasing the band gap through the Burstein-Moss effect.47, 48 An example of the effects 
of intentional doping of ZnO with Mg2+ on the near-UV absorption edge is shown in 
Figure 1.12. The transmission spectra show that as the dopant concentration increases the 
absorption edge is shifted to a shorter wavelength, allowing more of the visible portion 





Figure 1.12 Transmission spectra of Mg-doped ZnO, showing shift of near-UV absorption edge as doping level is 
increased.49 
The major impediment to the more widespread commercial availability of doped ZnO is 
the need to develop a deposition technique which can produce it reliably on a large scale 
and with the requisite transmission and conducting properties. Table 1.1 shows the optical 
and electrical properties of a variety of TCO materials deposited from different 
techniques. It is clearly apparent that the properties vary from one deposition technique 
to the next so it is important that new processes are developed to give adequate and 


















CdO - Magnetron 
sputtering 
- 5.44 80 - 90 49 
Sn APCVD 3 1.4-1.6 80-95 26 
SnO2 - Magnetron 
sputtering 





- 70 80-90 51 
AACVD - 2.2-20 80 52 
Commercial 
APCVD 
- 5.2 82-85 42, 52 
LP-MOCVD - 10.9 80 53 
Spray pyrolysis - 3.8 85 54, 55 
Sb Magnetron 
sputtering 
- 20 85 56, 57 
CVD - 15-30 95-91 58 
InO3 - Vacuum 
deposition 
- 4 60 – 70 59 
Sn Magnetron 
sputtering 
3.64 1.28 > 85 60 
PLD - 0.84 84 61 
Spray CVD - 0.95 83 62 
ZnO - MOCVD 3.4 22800 > 85 63 
AACVD 3.3-3.7 5.12 – 21.6 80 64, 65 
Al Sol-Gel 3.9 500 85-90 66 
Spray Pyrolysis 3.1-3.3 196 80-90 67, 68 
AACVD 3.5-3.6 3.70 – 21.5 76 - 85 63, 64 
MOCVD 3.47 506 > 85 39 
Magnetron 
sputtering 
- 41 – 1.21 78 36 






1.4 Thin Film Deposition Methods 
There are numerous methods which can be used to deposit metal oxide thin films. These 
include, but are not limited to, physical vapour deposition (PVD), solution processing, 
atomic layer deposition (ALD) and chemical vapour deposition (CVD). Each technique 
will now be introduced in the following sections along with an assessment of their 
advantages and disadvantages.  
1.4.1 Physical Vapour Deposition 
PVD processes involve the vaporisation of the target material from a solid source and 
condensation of the vapours on to a substrate to obtain the desired thin film. This process, 
thus, is entirely physical and no chemical reactions take place.69 The vaporisation process 
can take place in many different ways, for example, through thermal evaporation or an 
impact process.70 Thermal evaporation involves heating the source by an appropriate 
method under vacuum. An impact process involves bombarding the source with ions 
which will consequently eject atoms, a technique also known as sputtering. A 
high-powered laser can also be used to ablate material from the source in the modified 
technique, Pulsed Laser Deposition. These methods allow high quality films to be 
produced, however, they do involve the use of high vacuum and high energy plasma 
systems which require expensive and specialised equipment. These techniques are also 
limited by the need to have a solid source for the required material introducing a limit on 
the variety of materials which can be deposited.  
1.4.2 Solution Processing 
Thin films can be deposited by solution processing techniques, such as dip coating, screen 
printing, ink jet printing, spray coating and spin coating. These techniques have been used 
to deposit dye-sensitised solar cells, organic solar cells and perovskite solar cells which 
often contain quite complex and multiple layers which are difficult to deposit by other 
techniques.71 In all of these techniques the most important aspect is the solution which 
contains the coating material. The precursors must be sufficiently soluble in the solvent 
to form a stable coating solution as any solid may block the equipment or result in uneven 
film growth. It is also important that any by-products are volatile and do not remain within 





1.4.2.1 Dip Coating 
Dip coating is a process in which the substrate to be coated is successively dipped into 
the solution containing the precursor. The speed at which the substrate is dipped and 
withdrawn from the solution is maintained at a constant speed by a mechanical arm. The 
thickness is controlled by the speed at which the substrate is withdrawn from the solution 
and by the number of dips.  
The dip coating process is shown in Figure 1.13; stage 1 shows the substrate submerged 
in the solution, stage 2 shows the substrate being withdrawn from the solution and part of 
the solution is drawn up with the substrate. In stage 3 the substrate is drawn out further 
and excess solution is dripped back into the solution while some remains on the substrate 
and stage 4 involves gravitational drying and evaporation of solvent followed by 
condensation reactions to result in film formation.72 
 
Figure 1.13 Diagram to show the dip coating process. 
1.4.2.2 Screen Printing 
Screen Printing is a technique which involves the use of a mask to print a 2D patterned 
film with high precision. A squeegee is used to force the precursor solution into the holes 
in the mask. The mask then makes contact with the substrate and the ink/solution is 
deposited and reproduces the pattern. This technique is advantageous if highly textured 
or patterned coatings are needed. 
1.4.2.3 Spray Pyrolysis 
Spray pyrolysis involves forcing the precursor solution through a nozzle to form a fine 
aerosol. This aerosol is then directed to the substrate by an inert carrier gas or electrostatic 
charge. The substrate is usually heated during the spraying step and the aerosol droplets 




directly impinge upon and wet the substrate. The solvent then evaporates and leaves 
behind the precursor which undergoes thermal pyrolysis to create the thin film.  
1.4.2.4 Ink Jet printing 
Ink Jet printing is a technique which is very similar to spray pyrolysis, in that it involves 
the use of a nozzle to coat a substrate. Rather than generating an aerosol however it uses 
droplets of the coating solution which are typically larger than aerosol droplets 
(diameter ca. 15 – 200 μm73 versus ca. < 10 μm in spray pyrolysis74). The nozzles 
themselves maybe adapted from a typical home/office printer but are often made from a 
ceramic material so that they are resistant towards organic solvents. As with normal ink 
jet printers this technique offers high precision of film coatings but it is limited by its 
printing speed (ca. m2s-1).  
1.4.2.5 Spin Coating 
Spin coating from a dilute solution is a simple yet successful method for producing thin 
films.75 During the spin coating process there are four major steps (Figure 1.14): 1) 
Deposition of a precursor solution onto a clean planar substrate via hand pipette or a 
controlled syringe, 2) Spin up; where the substrate is accelerated to the desired rotation 
speed, 3) Spin off, in which the solution flows radially due to centrifugal forces. Excess 
solution is ejected off the substrate edge thinning the film until an equilibrium thickness 
is reached and 3) the substrate is then heated and solvent evaporates which results in 
further film thinning.76 The advantages of spin coating are that it uses inexpensive 
equipment and is simple to carry out. The major disadvantage is that the maximum 









1.4.3 Atomic Layer Deposition 
Atomic layer deposition (ALD) is a vacuum technique where the thin film is grown one 
monolayer at a time via alternating pulse and purge cycles of one or more precursor and 
inert gas into the reaction chamber (Figure 1.15). The inert gas purge is essential to 
remove by-products from the chamber preventing impurities forming in the film. The 
advantages of ALD include accurate and simple thickness control by varying the number 
of deposition cycles and large area uniformity. This process also requires highly volatile 
and reactive precursors. They must be volatile so that they can be easily transported to 
the substrate in the vapour phase. The precursors must also react easily with hydroxyl or 
other reactive groups on the surface of the substrate so that the films can be grown one 
monolayer at a time. However, this high reactivity means that the precursors can also 
react with moisture in the air so they must be stored under inert conditions and the 
equipment used should be completely devoid of atmospheric oxygen and water except 
from that which is used in the ALD cycles and hydroxyl groups on the surface. This leads 
to expensive equipment costs and a requirement for high vacuum. Other disadvantages 
are low deposition rates, unchangeable furnace temperatures during experiments which 
requires both precursors to have a common deposition temperature when depositing 
binary and ternary materials. As a consequence, there are currently very few precursors 
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Figure 1.14 Schematic to show the spin coating process. 1) Side on view of the precursor solution pipetted onto 
substrate surface, 2) Spin up stage of the process, 3) Heat to the appropriate temperature and 4) Thin film on substrate 













Figure 1.15 Diagram to show the pulse/purge cycles in ALD. 
 
1.4.4 Chemical Vapour Deposition (CVD)  
CVD is a very important technique used to deposit a thin film onto a heated substrate by 
chemical reactions of vapour phase precursors. It has been used widely in industry, eg. 
by Pilkington NSG Ltd. to coat float glass products in their ‘on-line’ process. It can 
deposit materials which are used in a wide range of industries including, but not limited 
to: microelectronics, photovoltaics, automotive and smart glass coatings. There are 
several variants of the CVD process which differ in the means of delivery of the 
precursors to the substrate eg. Low pressure CVD (LPCVD), aerosol assisted CVD 
(AACVD), liquid injection CVD (LICVD). Alternatively, variants may also include a 
process to assist in the decomposition of the precursors eg. photo-assisted CVD, plasma-
enhanced CVD. Each manifestation can be used on its own or combined with another to 
meet the needs of the precursor used or the product desired. For example, photo-assistance 
can be used with low pressure to produce thin films by photo-assisted LPCVD. Even 
though there are many different variants the process which occurs at the heated substrate 
remains very similar for each and includes several key steps (Figure 1.16): 1) evaporation 
and transport of precursors in bulk gas flow into the reactor; 2) gas phase reactions in the 
reaction zone to produce intermediates; 3) mass transport of reactants to the surface; 4) 
adsorption of reactant onto the surface; 5) surface diffusion to adsorption sites with lowest 
energy; 6) nucleation and chemical reactions leading to film formation and 7) desorption 
and mass transport of by-products away from the substrate surface. The growth rate of 
the film is determined by the substrate temperature, operating pressure of the reactor as 













Figure 1.16 Schematic of a Chemical Vapour Deposition process. Gas flows from left to right, red indicates oxygen 
molecules/atoms, green is metal. By-products are orange/blue. 
The primary advantage of this technique is its extreme versatility. It can deposit uniform 
coatings over a large surface area and is relatively simple to carry out. The type of CVD 
used depends heavily on the design of the precursor and its decomposition 
temperature/pathway. 
1.5 Precursor requirements 
When designing CVD precursors the requirements of the deposition process need to be 
taken into account ie each variant of the CVD process requires the precursors to have 
slightly different properties. Nonetheless there are many precursor properties which are 
required by all CVD processes such as;77 
• Stable and easy to handle at room temperature with a long shelf life in normal 
atmospheric conditions 
• Low toxicity, explosivity and inflammability of precursor and deposition by-products 
to reduce risk whilst carrying out the deposition 
• High purity because any impurity in the precursor can have a detrimental effect on 
the quality of the film 
• Low decomposition temperature so that the substrate is not affected by the use of 
high temperatures (T < 600 °C) 
• Adequate difference between vaporisation and decomposition temperatures to 
prevent the precursor from decomposing before reaching the substrate 
• Cost effective and readily synthesised/commercially available in quantities needed 
for large scale thin film production 
Gas Flow 
1 
2 + 3 
7 




The properties of the precursors can vary depending on the process requirements of 
volatility and solubility while the reactivity of the precursors depends on the process. For 
any CVD process the ideal precursor would be stable in air and not react with water to 
prevent unwanted decomposition before reaching the substrate. As previously mentioned, 
the conventional CVD process transfers the precursor to the substrate in the vapour phase 
so requires the precursor to be highly volatile with no requirement of solubility. To enable 
volatility the intermolecular forces between the molecules in the condensed phase should 
be reduced to prevent oligomers and polymers from forming. Ideally the molecule should 
be monomeric in nature with ligands filling the coordination sphere of Mn+ to prevent 
dimers forming. Monomeric precursors can also be formed by increasing the steric bulk 
of the substituent groups on the donor atom of each ligand or by increasing the number 
of donor atoms or a combination thereof. Due to the small cone angle of monoanionic 
ligands the imposition of a monomeric structure often requires the use of chelating 
ligands. When elements with large radii are used chelating ligands alone are insufficiently 
bulky to prevent oligomerisation and it is common to add neutral donor ligands which do 
not affect the decomposition pathway but will further saturate the metal coordination 
sphere.78 Once monomeric precursors are obtained, the volatility can be further improved 
by incorporating fluorine into the ligand. The fluorine atoms can increase the volatility 
by the increased number of lone pairs on the outside of the coordination sphere which can 
increase intermolecular repulsion. A major disadvantage of fluorine incorporation in the 
precursor, however, is the high possibility of fluorine impurities being incorporated into 
the film, introducing a compromise between the volatility and purity of the film produced.  
 
For liquid injection and aerosol-assisted CVD processes the precursor is transported to 
the substrate as a liquid or as a solution which undergoes flash evaporation or as a 
saturated solution or in aerosol droplet form respectively. This is then transported to the 
heated substrate by a carrier gas, usually an inert gas such as argon or nitrogen. Once at 
the ‘hot zone’ the solvent will evaporate leaving the precursor in the vapour phase to 
undergo normal CVD reactions. These transport methods negate the need for highly 
volatile precursors and the major prerequisite of the precursors is high solubility in an 
appropriate solvent. This change in requirement means that a lack of volatility in a 
precursor need not prevent their use in CVD.  This, in turn, may allow a much wider range 





1.5.1 Current precursors for ZnO and doped ZnO 
To date there are numerous reports in the literature of precursors that have been used to 
deposit ZnO by CVD processes. Some examples are shown in Table 1.2.  
Table 1.2 Selected examples of precursors used to deposit ZnO by CVD. 










82, 86, 89-94 
NO2/N2O/NO 
86 
R-OH 64, 95-98 
Alkyl zinc alkoxides MeZn(OC(CH3)3)  
99 
Zinc alkyl amines EtZnNEt2 O2 
100 
Zinc amides Zn(tmp)2  
101 










Zinc ketoiminato [Zn(C9H16NO)2]2  
118, 119 
 
The most prevalent ZnO precursors are alkyl zinc compounds, such as diethyl zinc 
(Et2Zn) or dimethyl zinc (Me2Zn). A major disadvantage of using alkyl zinc reagents is 
the lack of oxygen within the molecule which thus requires a second precursor to act as a 
necessary source of oxygen. This is known as a dual source approach. The main oxygen 
sources used with alkyl zinc reagents are O2,
79-82 H2O,
83-85 CO2
82, 86, 89-94 and alcohols.64, 
95-98 The first use of Et2Zn was reported in 1970 by Kern and Heim;
79 ZnO was deposited 
at 275 °C from Et2Zn and O2 using conventional CVD followed by heat treatment at 600 
°C. Smith used a similar method but employed Me2Zn instead of Et2Zn in the temperature 
range of 200-500 °C.81 Yoshino et al. used Et2Zn and H2O to deposit ZnO by photo-
induced MOCVD with deposition temperatures of 125-140 °C.87 They reported that the 
UV irradiation used to deposit these films can increase the electron mobility of the 




LPCVD in the temperature range of 500 – 650 °C.89 During this process CO2 inserts into 
the Zn-C bond of the alkyl compound forming a zinc propionate intermediate. High 
temperature is then needed to decompose this intermediate to form ZnO and release 
gaseous by-products as shown in Scheme 1.1.89  
 
 
Scheme 1.1 Reaction scheme of Et2Zn and CO2 via MOCVD to produce ZnO.89 
 
Alcohols can also generate an in situ intermediate when mixed with alkyl zinc in the CVD 
reactor. Oda et al. reported that a methyl zinc tert-butoxide intermediate can be generated 
from Me2Zn and tertiary butanol. This species can then undergo methane and alkene 
elimination as shown in Scheme 1.2 at 200-400 °C.98 Similarly Bhachu et al. deposited 
ZnO at 450 °C from Et2Zn and methanol using AACVD.
64 In this case, aerosols of the 
alkyl zinc reagent in toluene and methanol were transported to the reaction chamber 
separately using nitrogen as a carrier gas.  
 
Scheme 1.2 Reaction scheme to show the formation of ZnO from an alkyl zinc alkoxide intermediate. 
 
The advantage of using alkyl zincs is the relatively low deposition temperatures required. 
The examples mentioned above report that the deposition can occur below 500 °C, an 
important consideration for the use of ZnO in solar cells. The temperature should also be 
kept as low as possible to reduce the operating cost of the process. A disadvantage of the 
alkyl zinc and oxidiser system is the high chemical reactivity and pyrophoric nature of 




needs to be handled under inert atmosphere conditions excluding air and moisture, which 
would have a high cost implication for any large scale industrial processes.120 The high 
reactivity also can cause premature gas phase reactions in the deposition process leading 
to powder formation89 and blockages in the equipment which can result in reduced 
deposition rates and costly and time consuming servicing and cleaning of the equipment. 
There are also safety concerns over the storage of the large volumes of highly oxidising 
O2 that may be needed in large scale deposition of ZnO. Therefore for large scale 
industrial applications a less reactive, air stable compound needs to be found which does 
not require an additional oxygen source.  
As mentioned previously the use of an alkyl zinc and an oxidiser can produce 
intermediates which contain Zn-O bonds. These intermediates can also be synthesised 
and isolated prior to deposition by alternate routes to yield precursors which comprise a 
pre-formed Zn-O bond. Such a species can be defined as a single source precursor because 
a second precursor containing oxygen is potentially unnecessary. The reaction with 
diethyl zinc and CO2 makes a propionate intermediate (Scheme 1.1) which is much more 
stable in air and may be synthesised in high yields. The major carboxylate precursor 
which is used for the deposition of ZnO is zinc acetate, the structure of which is shown 
in Figure 1.17. The first reported use of zinc acetate came from Khan, O’Brien and 
co-workers in 1989,106, 121 films were deposited in the temperature range 350 – 420 °C by 
LPCVD. Many reports have since been published on work carried out to identify the 
reactive species in the deposition process. Khan and O’Brien suggested that the reactive 
species was in fact an oxide-centred tetrahedral cluster, Zn4O(CH3COO)6 (zinc 
oxyacetate), which is formed during sublimation of Zn(CH3COO)2 in the CVD reactor. 
This tetramer then undergoes stepwise decomposition to form ZnO.121 This 
decomposition pathway is supported by mass spectrometric analysis carried out by 
Charalambous et al. who reported that the initial fragmentation step involves the loss of 
a RCO2˙ radical.122 Further fragmentation involves the loss of M(CH3CO2) and R(CO)2O 
and some steps can involve decarboxylation by methyl migration to release CO2. 
Khan et al. reported using the isolated tetramer to deposit ZnO by LPCVD which 
confirms it is a viable precursor.121 In 1992 Maruyama et al. carried out studies to 
determine whether the carrier gas had an effect on the ZnO grown from zinc acetate.104 
Two sets of films were deposited using the same conditions and the carrier gas was varied 
between N2 and air. Films grown from both gases deposited ZnO, confirming the theory 




oxygen is already present in the precursor. Even so, all the above attempts to deposit ZnO 
from zinc acetate/oxyacetate led to films grown with a yellow/brown tinge. Although no 
compositional analysis was reported this is most likely due to carbon contamination 
within the film which needs further heat treatment to be removed.104 Many reports have 
since tried to prevent the formation of this carbon contamination by the addition of a 
second oxygen source. Kim et al. for example studied the use of O2, N2O and H2O.
105 
Films grown from zinc acetate and O2 or N2O were amorphous and had poor transparency 
whereas the addition of H2O provided polycrystalline films. Irrespective of these 
additives, however, the films deposited from all three oxygen sources still displayed a 
brown tinge. When a higher flux of H2O was used, this colouration was not present, 
suggesting that the control over carbon contamination was dependent on the correct 
amount of oxygen provided by a second source. This report is backed up by Mar et al. 
who reported that without H2O the level of contamination was > 10 at% between 350 – 
400 ºC whereas when H2O vapours were introduced into the CVD reactor, the 
contamination dropped to below 2 at%.103 They suggested that the H2O has many roles 
in the decomposition process. It acts as a second oxygen source to produce stoichiometric 
films whereupon the adsorbed H+ combines with organic fragments producing volatile 
CH3COOH. Waugh et al. reported the deposition of highly transparent ZnO by AACVD 
between 400 - 650 °C using zinc acetate and methanol as the solvent.123 Here the 
methanol was used both as a solvent and to provide a second oxygen source. These reports 
suggest that zinc acetate/oxyacetate cannot be classed as a true single source precursor 
due to the need of H2O to produce stoichiometric and contaminant-free films. Therefore, 







Figure 1.17 Examples of zinc carboxylate and β-diketonate precursors. 
 
Another family of compounds that are closely related to the carboxylate derivatives are 
β-diketonate complexes, for example III, IV and V in Figure 1.17, which comprise 
bidentate ligands with two donor oxygen atoms. The Zn-O bonds are, thus, present before 
decomposition and it is thought that decomposition occurs through a β-hydrogen 
elimination process (Scheme 1.3). Ogawa et al. and Sato et al. used Zn(acac)2 (III, 
Figure 1.17) along with various oxygen sources, including: O2, H2O, H2O/H2O2 and air, 
to deposit ZnO in the temperature range 500 – 600 ºC.108, 109 The films had the same 
brown tinge which was noted in the films deposited from zinc acetate precursors above. 
The second oxygen source was again necessary to improve the crystallinity and remove 
carbon contamination. The reduction of contaminants also decreased the resistivity by 





Scheme 1.3 General schematic to show the β-hydrogen elimination process to produce a metal oxide from a 
β-diketonate complex. 
There have also been reports of Zn(acac)2 being used to deposit ZnO by AACVD. 
Kaushik et al. used iso-propanol as the solvent to transport the precursor to the substrate124 
whereas Potter et al. used methanol.125 It is thought that in these decomposition reactions 
the alcohols replace H2O and carry out similar processes. There have been very few 
reports on the use of Zn(tmhd)2, IV. Zukova et al. reported the deposition of ZnO from 
this precursor at 550 °C.116 Lane et al. used LI-MOCVD to deposit ZnO and the rate of 
deposition reached a maximum at 550 °C which is similar to that reported earlier.117 
Saraf et al. also reported the use of LI-MOCVD with the Zn(tmhd)2 precursor and O2.
126 
XPS analysis was carried out to determine the carbon content of the films. The as-
deposited films had 11 – 34% carbon present but this value was reduced to < 1% after 
etching which suggests that the carbon was on the surface of the film. The low level of 
carbon in the film could be due to the extra O2 source present during the deposition.
126 
Metal β-diketonates have many advantages including air stability, low toxicity and can 
be synthesised/purchased in large quantities making them ideal for large scale industrial 
processes.127 The resultant films, however, have high carbon/impurity incorporation and 
the films need to be treated further after deposition to remove the impurities. This 
highlights the need for the development of alternative precursors which have a cleaner 
decomposition pathway.  
An oxygen atom in a β-diketonate complex can be replaced by an isoelectronic NR’ group 
to form a ketoiminate species; this extra group can further reduce the intermolecular 




Matthews et al. reported their use in APCVD with the NR’ substituent containing alkyl 
groups.118 They also described a complex which contained an ethoxy group on the carbon 
backbone of the ligand, VII (Figure 1.18).118 Although such iminoesterate precursors 
were used to deposit ZnO at 450 °C, XPS analysis showed that the films had significant 
carbon contamination 26.2% for complex VI and only 8.7% for complex VII. The 
difference in these values was suggested to be a result of the presence of a second oxygen 
atom in complex VII which can act as an additional oxygen source during the formation 
of ZnO.118 Similar compounds were also studied by Manzi et al. who used AACVD to 
deposit ZnO, they also noted that the optimum growth temperature was 450 °C and carbon 




Figure 1.18 Structures of a zinc ketoiminate (VI) and an iminoesterate (VII).118 
 
Beckermann et al. reported a similar result utilising compounds VIII and IX 
(Figure 1.19). In these cases however, the second oxygen atom was on the nitrogen atom 
and not on the carbon backbone.129 The materials were deposited in the temperature range 
450 – 600 °C by MOCVD. Rutherford backscattering, used to determine the carbon 
content in the resultant films, indicated there was 5 at% carbon present despite the use of 
O2 as a reactive gas. XRD results showed that crystalline films were only obtained at 
temperatures between 600 – 700 °C. It is difficult to determine whether the low value of 






Figure 1.19 Structures of compounds VIII and IX.129 
 
Holmes et al. reported the use of ketoiminate precursors X and XI (Figure 1.20), which 
did not contain a second oxygen atom, to deposit ZnO by CVD in the temperature range 
350 – 450 °C.130 XPS analysis determined that the carbon contamination in the 
as-deposited films was ca. 48% which was reduced to ca. 22% after annealing. This result 
suggests that a large majority of carbon was on the surface and easily removed by 
annealing.130 The high carbon content in these films is similar to those reported for 
compound VI.  
 
Figure 1.20 Structures of compounds X and XI. 
Cosham et al. have recently reported the use of a fluorinated ketoiminate precursor (XII, 
Figure 1.21) to deposit fluorine-doped ZnO by APCVD at 400 °C.119 XPS analysis of the 
deposited films showed that there was 1.2 at% of fluorine present. Carbon was also 
detected at 51.8 at% on the surface of these films but, when etched into the bulk, the 
carbon level dropped to 2 at% which suggests the majority of the carbon impurity was on 





Figure 1.21 Structures of compound XII. 
In general, all the results described above demonstrate that the deposition of ZnO can be 
achieved from ketoiminate complexes. A major disadvantage, however, is the high level 
of carbon contamination that is present within the films. The fact that a second oxygen 
source/post-deposition annealing step is needed to give pure ZnO films indicates these 
compounds are not true single source precursors. In some cases, high processing 
temperatures are also needed (> 600 °C) to deposit the films which would be unsuitable 
for large scale industrial processes as they would require expensive processing conditions. 
Further work is needed to find a suitable precursor which can deposit ZnO thin films at 
relatively low temperatures and without carbon contamination.   
1.6 Aims of this Research 
The ketoiminate and iminoesterate complexes mentioned above are very similar to the 
β-diketonates, the general structures of which are shown in Table 1.3. In these cases, the 
beneficial variation in structure is achieved through a simple isoelectronic replacement of 
an oxygen atom with an NR group. A similar isoelectronic replacement applied to the 
above-mentioned carboxylate complexes yields an amidate derivative, the general 
structure of which is also shown in Table 1.3. Although there are reports in the literature 
of these metal amidate complexes being synthesised from insertion reactions between an 
isocyanate and a variety of metal alkyls, such complexes have only been used in catalysis 





Table 1.3. Table displaying isoelectronic structures. 
 
β-diketonate E = O 
 
ketoiminate 
E = O 
Y = NR’ 
 
Carboxylate 
E = O 
X = alkyl 
 
Amidate 
E = NR 
Y = O 
X = alkyl 
 
This thesis will focus on the synthesis of metal amidate complexes and studies of their 
thermal decomposition. Viable precursors will then be used in AACVD studies to obtain 
metal oxide thin films. 
In further mitigation of this approach, it is notable that earlier reports have shown that the 
organic amides can thermally decompose by the elimination of an alkene, followed by 
the elimination of water to give an organic nitrile (Scheme 1.4). Based on this report it is 
proposed that metal amidate complexes will undergo analogous thermal decomposition 






Scheme 1.4 General schematic to show the thermal decomposition of an organic amide ligand. 
 
 
Scheme 1.5 General schematic to show the proposed decomposition of metal amidate complex. 
 
Firstly, zirconium amidates will be targeted as a simple system to study the thermal 
decomposition pathway of these metal amidate precursors and to assess the viability of 
the decomposition pathway proposed above.  
Zinc amidate precursors will be targeted to act as a zinc source for the deposition of ZnO 
and aluminium compounds will be targeted as Al dopant sources for Al-doped ZnO. A 
major difficulty when using conventional CVD is to introduce a dopant or use multiple 
metal sources. A large number of bubblers and injector lines are needed for the individual 
precursors. The reactor design needs to be carefully controlled as each precursor will 
require a different temperature to volatilise it. As some of the precursor is transported out 
of the bubbler the vapour pressure will change which may mean adjustments of 
temperature control may also be needed. All these problems lead to a need of stringent 




reaction chamber are correct. Since the optimal level for doped materials is usually 
< 10 at% the control of stoichiometry is very important as fractional changes in the dopant 
concentration can have a dramatic effect on the optical and electrical properties of the 
resultant film. Using AACVD potentially allows for some of these problems to be 
overcome. The major requirements of the different metal precursors are that they must 
have a similar solubility in the same solvent and comparable deposition temperatures. A 
solution can be made up which contains both precursors in the correct stoichiometry and 
an aerosol can be generated with this solution. The droplets should contain the metals in 
the correct ratio needed to deposit the doped-thin film. Deposition studies will be carried 
out with AACVD to assess whether doped films can be deposited by dissolving the two 
metal sources in a single solution and the ratio of metal ions in the resultant films will be 
determined to see whether the ratio of metal ions in solution is simply transferred to the 
film.  
A further aim of this thesis if metal oxide films are successfully deposited is to determine 
whether a simple isoelectronic replacement of the oxygen atom in the amidate ligand with 
another chalcogenide atom can allow the deposition of other metal chalcogenide thin 
films. Thioamidates will be targeted and reacted to obtain metal thioamidates and again, 
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 Chapter 2: Synthesis of Zirconium amidates 







This chapter will focus on the synthesis of zirconium amidate precursors and the 
deposition of the insulator material ZrO2. Interest in ZrO2 has increased vastly in recent 
years due to its unique properties such as its high melting point, chemical inertness, high 
refractive index, wide band gap (> 5 eV), high dielectric constant (κ ~ 18), low thermal 
conductivity and high electrical resistivity. These properties enable its use in a wide range 
of applications which include: optical filters, wear-resistant coatings, thermal barrier 
coatings and gate dielectrics. ZrO2 crystallises in three different structures which are 
stable at different temperatures: monoclinic (< 1170 °C), tetragonal (1170 – 2370 °C) and 
cubic (> 2370 °C).1 The tetragonal and cubic phases are only stable at higher 
temperatures but their stability can be increased by adding dopants such as: MgO,2,3,4 
CaO,4,5 CeO6 and Y2O3.
5,7-9 
Takahasi et al. reported the use of a zirconium tert-butoxide precursor to deposit ZrO2 by 
CVD in the temperature range 300 – 700 °C.10 The optimum growth temperature was 
450 °C. Despite this relatively low deposition temperature this alkoxide precursor has a 
major disadvantage in that it is extremely moisture sensitive so needs to be handled under 
an inert environment; this would require expensive handling conditions which would be 
unsuitable to large scale production. More recently, reports have been dominated by the 
use of zirconium β-diketonates as AACVD precursors ie. Zr(acac)4,7, 11-16 Zr(tmhd)4,7, 17, 
18 Zr(tfacac)4,
19 and Zr(tod)4 (Figure 2.1).
20 While β-diketonates have a higher chemical 
stability than alkoxides and are consequently easier to handle, they often leave carbon 
impurities in the film and require higher processing temperatures (eg. ≥ 600 °C). Hence, 
to carry out low temperature deposition of carbon-free ZrO2 thin films by AACVD 





Figure 2.1 Structures of Zirconium β-diketonate CVD precursors. 
 
Devi and co-workers reported the use of zirconium guanidinates.21-23 These precursors 
were synthesised by an insertion reaction of a carbodiimide into a Zr-N bond 
(Scheme 2.1). Crystalline ZrO2 was deposited in the temperature range 400 – 600 °C with 
O2 as a co-reagent. Depth profile XPS analysis demonstrated that there was carbon 
present on the surface but very little throughout the bulk of the sample. The major 
disadvantage with these types of precursor is the lack of oxygen in the ligand obviating 
their use as true single source. 
 
Scheme 2.1 Reaction scheme for the synthesis of zirconium guanidinate precursors. 
This reaction can be modified by replacing the carbodiimide for an isocyanate to form an 
isoelectronic ureide compound for example, Hill and co-workers reported the use of a 




with excellent oxidation state control.24 Pothiraja et al. have deposited HfO2 from 
hafnium ureides and isoelectronic carbamates (Scheme 2.2).25 In this case films were 
deposited in the temperature range 250 – 700 °C in the presence of O2. XPS analysis 
indicated the presence of carbon contamination on the surface but not in the bulk of the 
film, demonstrating that these precursors can be useful in the synthesis of carbon free 
metal oxide films at low temperatures.  
 
Scheme 2.2 Reaction scheme for the synthesis of hafnium carbamate and ureide precursors. 
These compounds can be simplified further by substituting the N/O containing R group 
for an alkyl group to form amidate compounds. There are a few reports by Schafer and 
co-workers on the synthesis of group 4 amidate compounds by a protonolysis reaction 
between an organic amide and zirconium amide to produce heteroleptic amidates. These 
compounds all contain bulky N-aryl substituent suited to their use in catalysis.26-29 There 
are no reports in the literature of an amidate precursor being used to deposit any metal 
oxide. Given that the isoelectronic structures of amidates have provided success in 
depositing metal oxide films, this chapter will focus on the development of zirconium 





 Results and Discussion 
 Synthesis and characterisation 
Six organic amides were synthesised by a simple one step reaction between an acyl 
chloride and primary amine. The reagents were stirred together with triethylamine at room 
temperature for 18 hours (Scheme 2.3). The mixture was then filtered and solvent 
removed in vacuo to yield the pro-ligands in excellent yields (> 80%) without the need 
for further purification. This route allowed facile access to a range of pro-ligands with 
various substituents on the carbon and nitrogen atoms, the bulkiest being tert-Bu and the 
smallest a methyl group. 
 
 
Scheme 2.3 Reaction scheme for the formation of pro-ligands L1 – L6. 
 
The series of homoleptic tetrakis(amidato)zirconium compounds (1 – 6) were synthesised 
by a simple protonolysis reaction between the organic amides L1 – L6 and a zirconium 
amide (Scheme 2.4).  
 
 




Addition of 4 equivalents of the amide pro-ligand at 0 °C to a solution of 
tetrakis(dimethylamido)zirconium afforded the homoleptic amidate complexes in 
excellent yields (>80%) after heating at 60 °C for 18 hours. In all cases this process 
provided the tetrakis amidate with the exception of complex 1 which was found to be 
limited to the formation of the tris(amidato)zirconium dimethylamide, most likely due to 
the bulky nature of the tertiary butyl substituents. Complexes 1 - 6 were analysed by 
1H NMR and 13C{1H} NMR spectroscopy and elemental analysis in order to verify their 
formation. In the 1H NMR spectra for complexes 2 – 6 the absence of the dimethylamido 
singlet ca. 3.10 ppm provided evidence for the formation of homoleptic species. The 
1H NMR spectrum of complex 1 displayed a resonance at 3.06 ppm attributed to a single 
dimethylamide group which suggests a heteroleptic species had formed. The presence of 
two sets of ligand resonances also suggested there are two amidate environments within 
the structure of compound 1. Integration of the peaks determines the presence of one 
dimethylamido species, two amidate ligands with a similar environment and the third 
amidate ligand in a different environment. VT 1H NMR spectroscopy was carried out on 
compound 1 to determine whether the two amidate environments were exchanging on the 
NMR timescale (Figure 2.2). The temperature was varied between -60 °C and 85 °C in 
10 °C increments. At temperatures up to 85 °C there was no evidence of coalescence 
between the amidate ligands suggesting no exchange between the two environments. An 
EXSY spectrum also showed no exchange between the two sets of amidate resonances 





Figure 2.2 VT 1H NMR spectra (400 MHz) of compound 1 in the temperature range -60 °C – 85 °C; spectra recorded 
at 10 °C increments. 
 
The 13C{1H} NMR spectrum of 1 displayed a distinct resonance at 165.7 ppm suggesting 
the presence of a C=N bond, which could be evidence for the presence of an imidate 
species where the ligand is coordinated in a monodentate κ1 fashion through the oxygen 
atom with the electron density localised in the C-N bond. In compounds 2 – 6 this peak 
shifted to ca. 185 ppm which is similar to C=O bonds in other amidate compounds in the 
literature.27  
To assess the solid state molecular structures of these compounds X-ray quality single 
crystals were obtained from toluene at room temperature and single crystal X-ray 
diffraction analysis was carried out. The structures of compounds 1, 2, 5 and 6 are shown 











Figure 2.3 Solid state structure of compound 1 (top left), 2 (top right), 5 (bottom left) and 6 (bottom right) at 50% 
ellipsoids. Hydrogen atoms have been omitted for clarity. 
 
Complex 1 exhibits a distorted octahedral geometry around the central 6-coordinate 
zirconium atom. The coordination sphere consists of a monodentate dimethylamido 
ligand and three amidate moieties, two of which are coordinated in a bidentate κ2 fashion 
with the third bound in a monodentate κ1 fashion through the oxygen atom, confirming 
the conclusions drawn from the NMR spectra. 
The bidentate amidate ligands of 1 have average C-O and C-N bond lengths of 1.325(7) Å 
and 1.284(7) Å respectively. These values are comparable to those reported in the 
literature for other metal amidate species and suggest that the π-electrons are delocalised 
over the amidate moiety.28 The monodentate ligand has C-O and C-N bond lengths of 
1.340 Å and 1.280 Å. The bond lengths between the two different environments are very 




monodentate species is best represented as a π-delocalised structure rather than the 
localised form (Figure 2.4) deduced from the NMR spectra.  
 
Figure 2.4 Resonance structures of the amidate moiety. 
 
Compounds 2, 5 and 6 exhibit distorted dodecahedral geometries around the central 
8-coordinate zirconium atoms. In each case, all four amidate ligands are bound in a 
bidentate κ2 manner. Even though the average C-O bond lengths (2: 1.307 Å, 5: 1.301 Å 
and 6: 1.297) are shorter than those found in compound 1 and the C-N bond lengths 
(2: 1.291 Å, 5: 1.302 Å and 6: 1.299 Å) are longer, the values are similar to the range of 
those reported in literature for the delocalisation of the π electrons in the O-C-N moiety 
(C-O 1.302(8) – 1.310(4) and C-N (1.302(8) – 1.314(4)).27, 29 
Table 2.1 Selected Bond Lengths (Å) for compounds 1, 2, 5 and 6. 
Bond Lengths (Å) 
1  2  5 6  
Zr-N1 2.368(4) Zr-N1 2.307(11) Zr-N1 2.315(5) Zr1-N1 2.280(3) 
Zr-N2 2.296(3) Zr-N2 2.334(11) Zr-N2 2.289(5) Zr1-N2 2.272(2) 
Zr-N3 2.027(4) Zr-N3 2.298(8) Zr-N3 2.301(5) Zr1-N3 2.302(3) 
Zr-O1 2.125(3) Zr-N4 2.378(9) Zr-N4 2.313(5) Zr1-N4 2.295(2) 
Zr-O2 2.164(3) Zr-O1 2.221(12) Zr-O1 2.194(4) Zr1-O1 2.207(2) 
Zr-O3 1.978(3) Zr-O2 2.280(12) Zr-O2 2.202(4) Zr1-O2 2.197(2) 
C1-O1 1.328(6) Zr-O3 2.089(3) Zr-O3 2.200(3) Zr1-O3 2.194(2) 
C1-N1 1.271(6) Zr-O4 2.154(3) Zr-O4 2.198(4) Zr1-O4 2.189(1) 
C10-O2 1.321(4) C1-O1 1.320(2) C1-O1 1.303(7) C1-O1 1.298(4) 
C10-N2 1.297(5) C1-N1 1.200(3) C1-N1 1.299(7) C8-O2 1.304(3) 
C20-O3 1.340(7) C2-O2 1.310(2) C9-O2 1.304(7) C15-O3 1.299(4) 
C20-N4 1.280(7) C2-N2 1.380(2) C9-N2 1.316(7) C22-O4 1.288(4) 
  C3-O3 1.298(12) C17-O3 1.312(7) C1-N1 1.301(4) 
  C3-N3 1.285(9) C17-N3 1.297(7) C8-N2 1.309(4) 
  C4-O4 1.298(10) C25-O4 1.283(7) C15-N3 1.286(4) 
  C4-N4 1.300(9) C25-N4 1.297(8) C22-N4 1.300(4) 
 
Table 2.2 Selected Bond Angles (°) for compounds 1, 2, 5 and 6. 
Bond Angles (°) 
1 2 3 4 
N1-C1-O1 112.4(4) N1-C1-O1 113.2(16) N1-C1-O1 113.7(5) N1-C1-O1 114.9(3) 
N2-C10-O2 111.4(3) N2-C2-O2 115.2(16) N2-C9-O2 112.7(5) N2-C8-O2 113.9(3) 
N4-C20-O3 125.9(7) N3-C3-O3 115.8(10) N3-C17-O3 114.1(5) N3-C15-O3 115.4(3) 





 Thermal Analysis   
Thermogravimetric Analysis (TGA) was carried out on complexes 1 – 6 to determine 
their thermal decomposition profiles (Figure 2.5). Complexes 1, 3, 4 and 6 displayed a 
slight mass loss (ca. 6 wt%) at ca. 150 °C with the major onset of decomposition at 
ca. 270 °C. Complexes 2 and 5 displayed an initial mass loss of ca. 14 wt% at 180 °C and 
primary mass loss events at 280 °C and 300 °C respectively. All of the complexes 
provided a sharp mass loss once decomposition has started and stable residual masses by 
400 °C. 
 
Figure 2.5. Thermogravimetric analysis of compounds 1 – 6. 
The expected and calculated (for ZrO2) residual masses for complexes 1 – 6 are shown in 
Table 2.3. The calculated residual masses for complexes 1, 3 and 4 are much higher than 
expected. This may suggest that either decomposition was incomplete or impurities are 
present in the remaining solids. In contrast, complexes 2, 5 and 6 yielded residual masses 
which are very close to those that are expected for ZrO2 which suggests complete and 
clean decomposition.  
Table 2.3 Table of expected residual masses and calculated mass for complexes 1 – 6. 
 1 2 3 4 5 6 
Mr (g mol
-1) 604.05 660.11 604.00 547.90 660.11 604.00 
Residual Mass expected 
(ZrO2) (wt%) 
20.39 18.66 20.39 22.48 18.66 20.39 
Residual Mass calculated 
(wt%) 























In Chapter 1 a decomposition mechanism for a model metal amidate complex was 
proposed (Scheme 1.5), whereby decomposition occurs by the elimination of an alkene 
and a nitrile to yield the metal oxide. To provide insight into the decomposition pathways 
of these zirconium amidate complexes, each compound was heated in vacuo and the 
volatile by-products were collected in an NMR tube cooled to -78 °C (Appendix, 
Figure 6.1). The 1H NMR spectrum in Figure 2.6 illustrates the by-products provided by 
the thermolysis of compound 6. The multiplet signals at δ 5.71 and 4.98 ppm correspond 
to the CH and CH2 resonances of propylene respectively, while the relevant CH3 
resonance is present at δ 1.56 ppm. The generation of isopropyl nitrile as a by-product 
was confirmed by the presence of heptet and doublet signals at δ 1.75 and 0.63 ppm 
respectively. A white solid was also observed to have sublimed in the cold part of the 
reactor just outside the furnace. This solid was collected and analysed by 1H NMR, the 
resultant spectrum displayed a broad singlet at δ 4.5 ppm which could indicate the 
presence of an NH bond. It also displayed two heptet resonances at δ 4.03 and 1.81 ppm 
and doublet resonances at δ 1.04 and 0.87 ppm. These resonances match those for the 
protonated ligand, thus suggesting as decomposition occurs a free ligand is lost. This 
NMR analysis allows a proposed decomposition pathway to be developed, as shown in 
Scheme 2.5. The spectrum of the sublimed product also displayed heptet resonances at 
δ 3.57 and 2.59 ppm and doublets at δ 1.31 and 1.12 ppm which indicate there could be 
some whole compound volatility as well as decomposition.  
 





Scheme 2.5 Decomposition pathway for the decomposition of compound 6. 
 
The same procedure was applied to compounds 1 – 5 and similar results were obtained. 
Table 2.4 shows the 1H NMR resonances for the volatile decomposition by-products. 
When R1 is tert-butyl the alkene fragment is readily identified as iso-butene and when it 
is iso-propyl, propylene is formed. R2 provides the corresponding nitrile fragment for 
compounds 1 – 6. This is further evidence that the proposed mechanism is likely to be 
correct.  
Table 2.4 1H NMR resonances of decomposition by-products for compounds 1 – 6 and the corresponding 
alkene/nitrile. 
 N-R1 C-R2 Alkene (ppm) Nitrile (ppm) 




2 tBu iPr 4.72 (h) + 1.60 (t) 
iso-butene 
1.77 (h) + 0.63 (d) 
iso-Propyl 
3 tBu Et 4.72 (m) + 1.60 (m) 
iso-butene 
0.48 (t) + 1.25 (q) 
Propionitrile 








6 iPr iPr 5.71, 4.98 + 1.56 
propylene 
1.75 (h) + 0.63 (d)  
iso-Propyl 
 
Using the information gathered from TGA and decomposition analysis it is possible to 
determine that the first mass loss step in the TGA curves can be attributed to the loss of 
an alkene. Table 2.5 shows the comparison of mass lost versus that calculated for the wt% 




loss of one or two equivalents of the alkene which suggests the first step in the 
decomposition is the elimination of alkene as proposed in the decomposition mechanism.  
 
Table 2.5 Percentage Mass loss in first step of TGA compared to wt% of alkene fragment. 
Compound % Mass lost in First 
Step of TGA 
Wt% of alkene 
fragment 
1 6 9 (1 eq.) 
2 13.4 17 (2 eq.) 
3 6 9 (1 eq.) 
4 7 10 (1 eq.) 
5 13 13 (2 eq.) 
6 6 7 (1 eq.) 
 
 Thin Film Deposition 
All the complexes are straightforwardly synthesised and can be obtained in excellent 
yields, they have good solubility in common organic solvents and display decomposition 
temperatures less than 400 °C. This makes them excellent candidates as single source 
AACVD precursors. Nevertheless compounds 1, 3 and 4 have TGA residual masses 
which are higher than expected so were excluded from deposition studies due to the 
possibility of high levels of contaminants in the film. In contrast, compounds 2, 5 and 6 
have residual masses which are close to the expected values for ZrO2 so could be viable 
precursors for AACVD. Out of these three precursors compound 6 had a lower onset of 
decomposition temperature so this was chosen to be carried through to deposition studies. 
Deposition was carried out in the temperature range 350 – 600 °C; the conditions used 
are shown in Table 2.6. A photograph of the as-deposited films is shown in Figure 2.7. 
The as-deposited films presented a slight brown colouration; the films were, thus, 
annealed by heating the sample to 600 °C in air for one hour to ensure that the films were 
fully oxidised. The photograph of the annealed samples shown in Figure 2.7 demonstrates 
that the resultant films were optically transparent with no colouration. All the deposited 
films passed the Scotch tape test and were well adhered to the substrates. The thickness 
of the annealed films was deduced using ellipsometry and the results are shown in 














A 350 0.05 Toluene N2 60 
B 400 0.05 Toluene N2 60 
C 450 0.05 Toluene N2 60 
D 500 0.05 Toluene N2 60 
E 550 0.05 Toluene N2 60 
F 600 0.05 Toluene N2 60 
G 650 0.05 Toluene N2 60 
 
 
Figure 2.7 (Left) Photos of as-deposited films B – G, (Right) photo of films B – G annealed in air at 600 °C. 
 
Table 2.7 Thickness of ZrO2 films as calculated from ellipsometry measurements. 
Film Thickness (nm) MSEa 
B 88.31 ± 0.452 25.248 
C 122.14 ± 0.454 29.419 
D 238.273 ± 0.389 28.273 
E 294.53 ± 0.202 13.875 
F 242.36 ± 0.17 12.75 
G 186.54 ± 0.191 13.293 
aMSE = Mean Squared Error 
 
The variation of film thickness versus temperature is depicted in Figure 2.8. This graph 
shows that the film growth rate increases proportionally with temperature up to 550 °C 
but declines at higher temperatures. This decrease in thickness is possibly caused by 
competing gas phase reactions where the precursor decomposes before reaching the 
substrate. This suggests that the deposition rate for films deposited at temperatures up to 




energy to undergo decomposition increases as the temperature is increased, resulting in 
an increase in thickness. The decrease in thickness above 550 °C is possibly due to 
competing gas phase reactions and precursors decomposing before reaching the surface 
of the substrate; ie a diffusion controlled growth regime.  
By determining the growth rate of the films up to 550 °C an Arrhenius plot was created 
(Figure 2.9) and the activation energy for films deposited under kinetic control could be 
calculated using the following relationship: 




Where k is the rate constant, A is the pre exponential factor, Ea is the activation energy 
and R and T are the gas constant and temperature respectively. The growth rate was 
calculated to be ca. 4 nm/min, which is similar to the values reported by Devi et al.22 and 
Banerjee et al.21 The calculated activation energy for the deposition was 42.60 ± 10.23 
kJ mol-1 (0.44 ± 0.11 eV). This value is very similar to the activation energy calculated 





























Figure 2.9 Arrhenius plot for the annealed films B – G. 
 
 Morphology 
The morphology of the as-deposited films was analysed by scanning electron microscopy 
(SEM) and atomic force microscopy (AFM). The SEM and AFM images of film D 
deposited at 500 °C are shown in Figure 2.10 and 2.11. This film was chosen as an 
example and the features are typical of those seen in all the films. The top down images 
show a smooth complete coverage of substrate surface with a few small lumps across the 
film. Cross sectional SEM images further highlight the compact and continuous nature of 
the films and show that the height of the particulate material on the surface varies from 
31 nm to 399 nm above the surface. The surface roughness calculated from AFM images 
was 1.5 nm. The difference in surface roughness and highest peak height in the SEM 
images could be due to different part of the sample being analysed as it is very difficult 
to analyse the same area with both techniques. 
 
 



































   




SEM images for the annealed films are shown in Figure 2.12. As can be seen, although 
the coverage is still uniform across the substrate, cracks had formed in the film which are 
multidirectional and centre at any lumps in the surface. These cracks could be formed due 
to a difference in thermal expansion coefficients and the resultant stress between the film 
and the glass substrate. 
 
   
Figure 2.12 SEM images of annealed samples (Left) 1300 x magnification. (Right) 6000 x magnification. 




 Crystallinity and composition 
The crystallinity and composition of the as-deposited and annealed films C – F was 
assessed by micro-X-ray diffraction (mXRD) and XPS. The mXRD patterns obtained are 
shown in Figures 2.13 – 2.16. The films deposited between 450 – 600 °C all produced 
peaks which matched to cubic phase zirconium dioxide (ICDD: 04-016-6178). The film 
grown at 550 °C also comprised additional diffraction maxima which matched to 
monoclinic zirconium dioxide (ICDD: 01-083-0943). Below 450 °C there were no 
reflections which could be matched to zirconium dioxide. Post-deposition annealing was 
carried out on the films. A representative film D was analysed by mXRD after annealing 
to see if it had any effect on the crystallinity. The pattern of this film is shown in 
Figure 2.17. The intensity of the peaks increased after annealing which suggests that the 
crystallinity had been improved. 
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Figure 2.14 pXRD pattern of as-deposited film D. 
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Figure 2.16 pXRD pattern of as-deposited film F. 
 
Figure 2.17 pXRD pattern of film D after annealing at 600 °C in air. 
 
XPS measurements were carried out to determine the chemical composition and, thus, the 
O/Zr ratio present in the film. A representative example of all the deposited films is shown 
by the XPS data recorded for film D. Depth profiles of the as-deposited film D and an 
annealed sample of film D can be seen in Figure 2.18 and Figure 2.19 respectively. The 
data for both films show there is some adventitious carbon on the surface (ca. 12 at%), 
however, there is no significant carbon contamination within the detection limit of the 
instrument (< 0.1 at%) throughout either film and the ratio of zirconium to oxygen 
remains constant through the bulk of the film. At increased etch times the elements from 
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Figure 2.18 XPS depth profile for as-deposited film D. 
 
Figure 2.19 XPS depth profile for film D annealed at 600 °C. 
Figure 2.20 shows the zirconium to oxygen ratio for film D before and after annealing. 
The as-deposited sample shows a slight sub-stoichiometry in oxygen (1.8), however, after 















































































Figure 2.20 XPS depth profile of O/Zr ratio in film D. Black is as-deposited sample, Red is annealed sample. 
The amount of carbon present in the film could not be quantified as the peaks were 
indistinguishable from the back-ground noise. However, a comparison of the peak area 
over the expected binding energy range suggested that the annealed samples had less 
carbon than the as-deposited sample (Figure 2.21). This is expected as the additional 
oxidation during the annealing process should remove any organic components in the 
film. The apparent very low carbon levels indicated by the XPS spectra suggests that the 
brown colouration is possibly a result of the presence of Zr3+ colour centres rather than 
carbon contaminants in the film.  
 
Figure 2.21 XPS depth profile comparison of area over C1s position to determine the carbon content in film D. Black 






















































 Optical Properties  
To analyse the optical properties and band gaps of the ZrO2 materials, films were freshly 
deposited onto quartz substrates and analysed by UV/Vis spectroscopy. The transmission 
spectra of the annealed films are shown in Figure 2.22. The films deposited between 
400 – 650 °C display transparencies of 80 – 90%. The oscillations are due to thickness 
variations in the film and resultant interference effects. The Tauc plot in Figure 2.23 
shows that the films have direct band gaps of approximately 5.8 eV. This is consistent 
with reports in the literature for ZrO2.
13, 31, 32 
 
Figure 2.22 Transmission spectra of films B – G after annealing at 600 °C. 
 
























































The results in this chapter report that homoleptic zirconium amidates may be synthesised 
by a simple protonolysis reaction in excellent yields (>80%). The decomposition of each 
complex was studied by TGA and NMR studies. The results show that all the compounds 
decompose at temperatures less than 400 °C and NMR studies of the volatile by-products 
suggest that the first step in the decomposition pathway is the loss of an alkene fragment 
followed by nitrile extrusion to give ZrO2. This supports the mechanism proposed in 
Chapter 1. 
After analysis of the TGA results and the residual masses obtained, compound 6 was 
chosen to carry forward into deposition studies. Compound 6 was used in AACVD and 
films were deposited in the temperature range 350 – 650 °C. Highly transparent films (ca. 
80%) were obtained which have a calculated band gap of 5.8 eV. mXRD and XPS 
analysis show that crystalline ZrO2 films have been deposited with no carbon impurities 
present through the bulk of the film, irrespective of annealing at higher temperature. 
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This chapter will focus on the synthesis of zinc amidates and the deposition of doped ZnO 
thin films. In the literature, there are reports of heteroleptic zinc amidates being 
synthesised by an isocyanate insertion into a zinc-alkyl bond. Schmidt et al. reported the 
synthesis of heteroleptic zinc amidate complexes from dimethyl zinc at 80 °C 
(Scheme 3.1).1 The steric bulk of the R substituent on the nitrogen can control the 
structure of the resultant compounds (Figure 3.1). Larger tert-butyl groups form trimers 
(XXII) with the ligand forming a bidentate interaction with a Zn centre and the O atom 
forming a monodentate interaction with a second Zn centre. Less bulky iso-propyl groups 
can form tetramers (XXIII) with two 12-membered rings joined by Zn-O interactions. 
The amidate species form bridging interactions between two Zn centres and a 
monodentate interaction to a third Zn centre. Schmidt et al. also investigated the insertion 
of an isocyanate into a Zn-Cp* bond to form a homoleptic compound (Figure 3.1), the 
structure is shown in Error! Reference source not found.. This synthetic route d
emonstrates a facile route to heteroleptic compounds; however, no deposition studies 
have been carried out with these compounds.  
 
Scheme 3.1 Reaction of isocyanate with dimethyl zinc to form compounds XXII – XXIV. 
 





The insertion of isocyanates is limited due to the range of available starting materials. 
The range of substituents of the amidate carbon are limited due to the availability and cost 
of metal alkyls. The most prominent alkyl zinc reagents are the dimethyls and diethyls, 
whereas bulkier R groups are more expensive and consequently not ideal to be used in 
large scale synthesis of AACVD precursors. Compounds similar to XXII and XXIII have 
been synthesised by Coates et al. and Boss et al. however instead of an insertion reaction 
they carried out a simple protonolysis reaction between an organic amide and dimethyl 
zinc to form a heteroleptic zinc amidate (Scheme 3.2).2, 3  
 
 
Scheme 3.2 Reaction scheme for the formation of zinc amidates XXV – XXVII. 
 
The substituent on the carbon atom can also have an effect on the structure of the 
compound for example XXV – XXVII have a Ph substituent instead of the Me groups in 
XXII and XXIII. Compound XXV has the smallest nitrogen substituent (Methyl group) 
and forms a hexameric structure with two 12-membered rings. Compounds XXVI and 
XXVII with bulkier R on the nitrogen atom (iPr and Ph) groups have a similar structure 
to that shown in compound XXIII with a tetrameric structure with two 8-membered rings 
joined by Zn-O interactions (Figure 3.2).  
 




There are currently no reports in the literature of homoleptic zinc amidate compounds and 
as with compounds XXII and XXIII no deposition studies have been carried out with 
compounds XXV – XXVII. This chapter will, therefore, focus on the synthesis of a range 
of hetero- and homoleptic zinc amidates and experiments will be carried out to assess 
their suitability as AACVD precursors. 
As discussed in Chapter 1 the electrical properties of ZnO can be improved by adding 
external dopants such as Al3+. Within the literature there are reports of the synthesis of 
aluminium amidates for use in synthesis and catalysis.4 Insertion reactions with alkyl 
aluminium compounds which are analogous to those used in the formation of zinc 
amidates have been carried out. Horder et al. have carried out insertion reactions of 
isocyanates into the Al-C bond of aluminium alkyl halides.5 Jennings et al. reported the 
reaction of an organic amide and alkyl aluminium reagents to obtain 8-membered ring 
aluminium amidate compounds that are analogous to compound XXVI.6 The R 
substituents on the carbon and nitrogen can greatly affect the coordination mode of the 
amidate ligand to the metal centre. The general structure of the different coordination 
modes that have been discussed in the literature are shown in Figure 3.3. Huang et al. 
published a series of aluminium amidate complexes with various substituent groups on 
the carbon and nitrogen atoms. Where R3 is a tert-butyl group a [4,4,4]-membered ring 
structure is formed (mode XXXIV). When a less bulky substituent is used, such as Ph or 
iso-Bu, an 8-membered ring is formed (XXXIII). This change in bonding mode with 
steric bulk is due to the distance between the substituents, the dashed lines on bonding 
modes XXXIII and XXXIV highlight the different consequent distances between the 
alkyl substituents. The shorter distance between the two substituents in bonding mode 
XXXIII explains why the less bulky substituents form this bonding mode as this is less 






Figure 3.3 Structures to show the different coordination modes and structures of aluminium amidates. 
 
In all the reports above no homoleptic compounds have been synthesised and no 
deposition studies carried out. This chapter will, thus, focus on the synthesis of zinc and 
aluminium amidate derivatives and carry out deposition studies to determine their 
viability as AACVD precursors for Al-doped ZnO thin films. The facile synthesis of the 
organic amides allows a large range of ligands to be synthesised and enables the effects 






 Results and Discussion 
 Synthesis of zinc amidates 
Heteroleptic and homoleptic zinc amidate complexes were targeted as AACVD 
precursors using ligands L1, L2, L5 and L6 (Chapter 2, Scheme 2.3). Firstly a 
heteroleptic compound was synthesised using a simple protonolysis reaction. One 
equivalent of the amide pro-ligand L5 was reacted with diethyl zinc to form compound 7 
(Scheme 3.3). X-ray quality single crystals of compound 7 were isolated from toluene at 
-18 ºC and the resultant solid state structure is shown in Figure 3.4. The major bond 
lengths and angles are shown in Table 3.1 and Table 3.2, respectively. 
 
 
Scheme 3.3 Reaction scheme for the synthesis of compound 7. 
 
Figure 3.4 Solid State structure of compound 7; ellipsoids shown at 50%. Hydrogen atoms, tert-butyl and iso-propyl 
groups are omitted for clarity. 
Compound 7 has a cage-like structure which contains four 6-membered rings. The 
structure comprises three zinc centres each of which display a pseudo tetrahedral 




ethyl group and three bridging amidate moieties, each of which bind via two oxygen 
atoms and one nitrogen atom in a monodentate manner. On the other hand the 
coordination sphere of the third zinc centre [Zn(2)] comprises four bridging amidate 
moieties, from which two oxygen and two nitrogen atoms are bound in monodentate 
fashion from the four different ligands. In the case of [Zn(2)], therefore, both ethyl groups 
have been reacted with the amidate ligand and been deprotonated.  
 
Table 3.1 Bond lengths (Ȧ) for compound 7. 
 
Table 3.2 Bond angles (°) for compound 7. 
Bond Angles 7 (°) Bond Angles 7 (°) 
O(2)–C(9)–N(2) 120.4(2) Zn(3)–O(4)–Zn(1) 110.83(7) 
O(1)–C(1)–N(1) 118.1(2) Zn(3)–O(3)–Zn(2) 91.46(6) 
O(3)–C(17)–N(3) 119.0(2) Zn(1)–O(1)–C(1) 149.55(16) 
O(4)–C(25)–N(4) 115.3(2) Zn(2)–O(2)–C(9) 133.75(17) 
 
The thermal decomposition profile of compound 7 was studied by TGA and the resultant 
curve is shown in Figure 3.5. The onset of decomposition occurs at ca. 250 °C, with a 
stable mass residual occurring at 500 °C. The residual mass is 24 wt% which is 
considerably less than expected for ZnO (ca. 30 wt%). This could be due to the compound 
displaying some whole molecule volatility and mass being lost into the gas phase. While 
the TGA data shows 7 could be a viable AACVD precursor, the stoichiometry of the 
product meant that the reaction was difficult to repeat in yields large enough to carry out 




7 (Ȧ) Bond 
Lengths 
7 (Ȧ) Bond 
Lengths 
7 (Ȧ) 
Zn(1)-O(1) 2.0466(17) Zn(1)-N(3) 2.033(2) O(2)-C(9) 1.287(3) 
Zn(1)-O(4) 2.2393(16) Zn(1)-C(33) 1.978(3) N(2)-C(9) 1.312(3) 
Zn(2)-O(3) 2.1340(17) Zn(2)-N(1) 1.9747(19) O(1)-C(1) 1.283(3) 
Zn(2)-O(2) 1.9571(17) Zn(2)-N(4) 2.058(2) N(1)-C(1) 1.312(3) 
Zn(3)-O(3) 2.1095(17) Zn(3)-N(2) 2.026(2) O(3)-C(17) 1.309(3) 
Zn(3)-O(4) 2.1252(17) Zn(3)-C(35) 1.985(3) N(3)-C(17) 1.298(3) 
    O(4)-C(25) 1.323(3) 





Figure 3.5 TGA data for compound 7. 
 
In order to limit the potential formation of polynuclear aggregates a further organic amide 
was synthesised using 2-methoxyethylamine and trimethylacetyl chloride (Scheme 3.4). 
This pro-ligand contained an ethyl methoxy R group on the nitrogen atom. 
 
 
Scheme 3.4 Reaction scheme to show the synthesis of ligand L7. 
 
L7 was reacted with an equimolar amount of diethyl zinc (Scheme 3.5). The ligand has 
three potential donor atoms, O and N from the amide and O in the methoxy group. The 
second oxygen atom could also provide an additional oxidation source, in a similar 


















Scheme 3.5 Reaction scheme to show the synthesis of compound 8. 
Compound 8 was analysed by 1H NMR spectroscopy. The obtained spectrum displayed 
a resonance at δ 1.22 ppm for the tert-butyl group, a singlet at δ 3.44 ppm for the methoxy 
methyl group and a multiplet at δ 3.50 ppm for the CH2 hydrogens in the ligand. The 
absence of a N-H resonance at δ 4.5 ppm and the presence of resonances at δ 1.15 ppm 
and 0.12 ppm for the Zn ethyl group suggest that a heteroleptic species has been formed.  
Integration of the resonances demonstrated that the amidate and ethyl ligands were 
present in a 1:1 ratio which is further evidence for the formation of the heteroleptic 
(amidato)zinc(II) ethyl. 
Single crystals suitable for X-ray analysis were obtained at room temperature from THF. 
The resultant solid state structure shows the product to be a coordination polymer 
(Figure 3.6). The coordination sphere of the 4-coordinate zinc centre comprises a 
κ2-ligand which binds through the amidate N atom and the methoxy O atom. An amidate 
O atom from a second ligand and the one ethyl group complete the coordination sphere. 






Figure 3.6 Solid state structure of compound 8 with ellipsoids shown at 50%; (Top) Coordination polymer. (Bottom) 
One monomer unit displaying the bonding mode of the atoms. Hydrogen atoms are omitted for clarity.  
 
The coordination geometry of the zinc centre is unusual. As presented in Figure 3.6 or 
3.9 the geometry appears trigonal pyramidal but when the structure is rotated it resembles 
a distorted tetrahedral geometry.  
In 1984 Addison et al. developed a structural parameter, τ.7 This parameter uses the bond 
angles around the metal centre to determine the geometry. This parameter was first 
developed to benchmark the geometry for metal ions in 5-coordinate environments, the 
extremes of this scale are trigonal bipyramidal and square pyramidal. The equation used 
is displayed below, where α and β are the two largest angles: 
𝜏5  =  
 (𝛽 − 𝛼)
60°
 
The values for τ5 lie in between 1 and 0 for the two geometries as shown in Figure 3.7.7 
For square pyramidal geometries, β = α = 120° and thus, τ5 would be equal to 0. For 






Figure 3.7 Structures and τ values of the 5-coordinate geometries. 
 
In 2007, Yang et al. further developed this parameter so that it could be used for 
4-coordinate geometries, allowing tetrahedral and square planar geometries to be 
distinguished.8 The modified equation is shown below: 
𝜏4  =  
360°  −  (𝛼 +  𝛽)
360 − 2𝜃°
 
Where α and β are the two largest angles and θ = cos-1 (-1/3) for a tetrahedral angle. As 
for τ5 the values for τ4 lie in between 1 and 0. For a perfect tetrahedral geometry, 
β = α = 109.5° and thus, τ4 would be equal to 1 (Figure 3.8). For square planar 
β = α = 180°, therefore τ4 would be equal to 0 (Figure 3.8). For values which lie within 
this range a number of different structures can be obtained, for example when τ4 ~ 0.2 the 
geometry is distorted square planar and when τ4 ~ 0.7 – 0.8 a see-saw is displayed, as 
demonstrated in Figure 3.8.  
 
 
Figure 3.8 Structures and τ values of 4-coordinate geometries. 
This parameter can be used to assess the geometry around the central zinc atom in 
compound 8. Table 3.4 displays the bond angles around the metal centre, the two largest 
of which are C10-Zn-N1 (141.6 °) and C10-Zn-O1 (116.68 °). The τ4 value has been 





𝜏4  =  
360°  −  (𝛼 +  𝛽)
141°
 
𝜏4  =  
360°  − (141.6 +  116.68)
141°
 
𝜏4  =  
360°  −  (258.28)
141°
 
𝜏4  =  0.72 
 
The value of τ4 obtained for compound 8 suggests that the geometry is a see-saw structure 
with O2 and O1 forming the pivot and C10 and N1 would make up the planks. This 
structure can be seen more clearly in Figure 3.9 and the value is similar to that reported 
by Yang et al. for a copper amidate compound with a pyridine substituent on the nitrogen 
atom.  
 
Figure 3.9 Diagram of the bonding around the Zn centre of compound 8, other atoms have been omitted for clarity. 
 
Table 3.3 Bond lengths (Å) for compound 8. 
Bond Lengths Compound 8 (Å) Bond Lengths Compound 8 (Å) 
C(1)-O(1) 1.284(2) Zn-O(1) 2.0111(13) 
C(1)-N(1) 1.315(2) Zn-O(2) 2.2429(14) 
C(7)-O(2) 1.425(2) Zn-N(1) 2.0118(15) 
N(1)-C(6) 1.474(2) Zn-C(10) 1.978(2) 
C(6)-C(7) 1.503(3)   
 
Table 3.4 Selected Bond Angles (°) for compound 8. 
Bond Angles 8 (°) Bond Angles 8 (°) 
O(1)–C(1)–N(1) 124.05(17) O(1)-Zn-O(2) 102.82(5) 
C(7)–O(2)–Zn 108.16(11) O(1)-Zn-N(1) 99.17(6) 





TGA was carried out on compound 8 to assess its thermal decomposition profile. The 
resultant curve is displayed in Figure 3.10. The calculated residual mass for compound 8 
is 38 wt% while the expected residual mass for ZnO is 32 wt%. The difference in these 
masses could either be due to a non-volatile by-product which remained in the residue or 
incomplete decomposition. The discrepancy is, however, quite small so this alone would 
not discount this compound from AACVD studies. The major disadvantage of this 
compound is its very poor solubility as it is only slightly soluble in THF, presumably as 
a result of the intermolecular interactions observed in the solid state structure.  
 
Figure 3.10 Thermogravimetric analysis of compound 8. 
Homoleptic compounds were also targeted as the formation of compound 7 illustrates that 
both ethyl groups of diethyl zinc can react readily with organic amide ligands. Two 
equivalents of the amide pro-ligand were reacted with one equivalent of diethyl zinc or 
zinc bis[bis(trimethylsilyl)amide] (Scheme 3.6).  
 





















To assess the structures of the obtained products 1H and 13C{1H} NMR spectroscopy was 
carried out. The 1H NMR spectrum of compound 9 displayed a broad singlet at δ 5 ppm 
along with two singlet resonances for the tert-butyl groups at δ 1.26 and 1.05 ppm. Similar 
results were obtained for reaction performed with ZnEt2 and [Zn{N(SiMe3}2]2. The 
presence of these resonances suggests that the obtained product was protonated ligand 
with no presence of zinc. The steric bulk of the two large tert-butyl groups was evidently 
too large to allow deprotonation to occur and the reaction to proceed.  
The 1H NMR spectra of compounds 10, 11 and 12, however, confirmed the formation of 
the homoleptic zinc amidate products by the absence of the N-H resonance ca. δ 5.5 ppm 
and the trimethylsilyl resonance at ca. δ 0.1 ppm. For all three compounds only one set 
of ligand resonances was observed, suggesting the ligands possess identical environments 
on the NMR timescale. Variable temperature NMR spectroscopy was carried out on 
compound 10 as an exemplar for compounds 10 – 12 to assess whether two sets of ligand 
resonances could be discriminated. 1H NMR spectra were taken at 10 °C intervals from 
25 °C to -65 °C (Figure 3.11). As the temperature was lowered the ligand resonances 
started to broaden and split, suggesting that at low temperatures the fluctuation between 
the two ligand environments was slower than the NMR time scale and allowing the 
differences between the two environments to be observed. This experiment allowed the 
determination of the coalescence temperature and consequently the activation barrier for 
the fluctuation process: 
 
Coalescence temperature = 238 K, Δν = 40. 6 Hz at 208 K 














Figure 3.11 Variable Temperature 1H NMR experiment (400 MHz) of compound 10. Top spectrum is 25 °C and the 
following spectra were recorded at 10 °C intervals up to -65 °C.  
 
X-ray quality single crystals of compounds 10 and 11 were isolated from toluene solutions 
after storage at -18 ˚C and the solid state structures are shown in Figures 3.12 and 3.13 
respectively. Compound 10 crystallises in the orthorhombic space group Pbca and 
compound 11 crystallises in the monoclinic space group P21/c. Both structures are 
centrosymmetric and have a central 8-membered {O(1), C(1), N(1), Zn} ring chair 
conformation. The zinc centre displays a distorted tetrahedral geometry with the 
coordination sphere provided by the oxygen and nitrogen atoms from two different 
bridging amidate moieties and one terminal κ2-bidentate amidate moiety. The structures 
of these compounds are, thus, similar to that of compound XXXIV.1 The Zn-O (10: 
1.9773 Å and 11: 1.9581 Å) and Zn-N (10: 1.9984 Å and 11: 1.9849 Å) bond lengths in 
the central 8-membered ring are comparable to those in the literature for 
compound XXXIV (Zn-O: 1.9529 Å and Zn-N 1.9646 Å).1 These bond lengths are much 
shorter than those in the terminal 4-membered ring Zn-O (10: 2.1075 Å and 11: 2.1173 
Å) and Zn-N (10: 2.0356 Å and 11: 2.0071 Å) which are also comparable to the 4-
membered amidate ring in compound XXXIV (Zn-O: 2.1560 Å and Zn-N: 1.9848 Å).1 
The C-N (10: 1.3128 Å and 11: 1.317 Å) and C-O (10: 1.2920 Å and 11: 1.285 Å) bond 
lengths of the 4-membered ring lie between the values reported for single (C-N: 1.47 Å, 
C-O: 1.43 Å) and double bonds (C-N: 1.29 Å, C-O: 1.20 Å).9 This suggests that the C-O 
25 °C 




and C-N bonds have partial double character and that the π-electrons are delocalised 
across the amidate moiety. In comparison, the C-N (10: 1.3056 Å and 11: 1.304 Å) and 
C-O (10: 1.3070 Å and 11: 1.311 Å) bond lengths of the 8-membered ring are longer than 
those in the 4-membered chelate and suggest they have more single bond character such 
that the π-electrons are more localised around the 8-membered ring. The presence of only 
one set of ligand resonances in the NMR spectra at room temperature, thus, suggests that 
in solution the chelating and bridging ligands could be fluctuating between the two 
environments faster than the NMR timescale.   
 
 
Figure 3.12 Solid state structure of compound 10; ellipsoids shown at 50%. Hydrogen atoms are omitted for clarity. 
 





Table 3.5 Bond Lengths (Å) for compound 10 and 11. 
Bond 
Lengths 
10 (Å) 11 (Å) 
Zn-O(1) 1.9773(10) 1.9581(14) 
Zn-O(2) 2.1075(10) 2.1173(14) 
Zn-N(1) 1.9984(12) 1.9849(17) 
Zn-N(2) 2.0356(12) 2.0071(17) 
O(2)-C(9) 1.2920(17) 1.285(3) 
N(2)-C(9) 1.3128(19) 1.317(3) 
O(1)-C(1) 1.3070(17) 1.311(2) 
N(1)-C(1) 1.3056(19) 1.304(3) 
 
Table 3.6 Bond angles (°) for compound 10 and 11. 
Bond Angles 10 (°) 11 (°) 
O(2)–C(9)–N(2) 115.59(13) 115.15(18) 
O(1)–C(1)–N(1) 117.09(13) 115.58(18) 
O(2)-Zn-N(2) 64.25(4) 64.29(6) 
O(1)-Zn-N(2) 119.20(4) 122.56(6) 
O(1)-Zn-O(2) 107.00(4) 107.42(6) 
O(2)-Zn-N(1) 117.60(5) 117.98(6) 
N(1)-Zn-N(2) 124.41(5) 118.81(7) 






 Thermal Decomposition 
The thermal decomposition profile of compounds 10 – 12 was determined by TGA and 
the resultant curves are displayed in Figure 3.14. The expected and calculated residual 
masses for each compound are shown in Table 3.7. All three compounds exhibited small 
mass losses at ca. 100 °C. Compound 10 displayed a sharp mass loss event with an onset 
of decomposition occurring at ca. 275 °C and a stable residue obtained at 325 °C. This 
residual mass is less that would be expected for ZnO which suggests that this compound 
displays an appreciable volatility. Compound 11 has an onset of decomposition 
temperature of ca. 200 °C which is considerably lower than 10, however, the mass loss is 
much more gradual with the stable mass obtained at ca. 400 °C. Compound 11 also 
provided a mass higher than would be expected for ZnO, which suggests some impurity 
may be incorporated in to the residue. Compound 12 displayed the highest decomposition 
temperature, ca. 300 °C, however the residual mass was lower than would be expected 
for ZnO, again suggesting the compound may be volatile.  
 
 




















Table 3.7 Expected and calculated residual weights of compounds 10 – 12.  
 10 11 12 
Molecular Weight 
(g mol-1) 
699.65 699.65 643.54 
Expected 
Residual % Mass 
23 % 23 % 25 % 
Calculated 
Residual % Mass 
17 % 28 % 22 % 
 
Further studies on the decomposition of these compounds were carried out using 1H NMR 
analysis of volatile decomposition by-products. Compound 10 was heated in vacuo at 
350 °C and the resultant 1H NMR spectrum of the volatile by-products is shown in 
Figure 3.15. The multiplets at δ 4.72 and 1.60 ppm correspond to the generation of 
iso-butene. A doublet and heptet at δ 0.6 and 1.77 respectively indicate the presence of 
iso-propyl nitrile. The spectrum also demonstrates the presence of a singlet at δ 1.21 ppm, 
a doublet at δ 1.02 ppm, heptet at δ 1.77 ppm and a broad singlet at δ 4.54 ppm. These 
resonances correspond to the protonated pro-ligand which was volatilised and collected 
in the NMR tube instead of subliming on the cold part of the reactor as was the case for 
the zirconium amidates described in Chapter 2. The 1H NMR spectrum of the 
decomposition by-products of compound 11 is shown in Figure 3.16. The spectrum 
displayed resonances at δ 5.7 ppm and δ 4.9 ppm with a doublet of triplets at δ 1.47 ppm. 
These signals correspond to the expected formation of iso-propylene. The formation of 
tert-butyl nitrile is also evident by the resonance at 0.75 ppm. The by-products of 
compound 12 were also analysed (Figure 3.17). Multiplets at δ 5.71 and 4.97 ppm and 
the doublet of triplets at δ 1.57 ppm correspond to the presence of iso-propylene, similar 
to that seen in compound 11. The evolution iso-propyl nitrile is demonstrated by the 















Figure 3.17 1H NMR spectrum of the volatile thermolysis by-products of compound 12. 
 
The decomposition of the zinc amidate species is less well defined than the decomposition 
of the previously defined zirconium amidates. The is probably due to the bridging nature 
of the amidate ligands. However the expected volatile by-products are seen in the NMR 
spectra providing evidence for a similar decomposition process as was discussed in 






Scheme 3.7 Proposed decomposition mechanism for the zinc amidate, 10. 
 
 Deposition of ZnO Thin Films 
The decomposition temperatures and residual masses displayed in Figure 3.14 suggested 
that all three compounds 10 - 12 would be suitable to act as single source AACVD 
precursors. Compound 11 has a slightly lower onset of decomposition temperature so was 
chosen to be carried forward to deposition studies. Although this compound gave a 
residual mass which was higher than expected, the analysis of the volatile by-products 
suggested that the compound does undergo decomposition as expected. The difference in 
the expected and calculated residual mass was, thus, deemed insufficiently significant to 
warrant discounting this compound from further studies. 
The conditions used to deposit the ZnO thin films are shown in Table 3.8. The 
as-deposited films all passed the Scotch Tape test which suggests they are well adhered 
to the substrate. The films were transparent but had a brown tinge as demonstrated in 
photographs of the films shown in Figure 3.18. A similar colouration was also noted in 
other ZnO films described in the literature and the ZrO2 films deposited in Chapter 2. Post 














H 300 N2 60 Toluene 500 air 1hr 
I 350 N2 60 Toluene 500 air 1hr 
J 400 N2 60 Toluene 500 air 1hr 
K 450 N2 60 Toluene 500 air 1hr 
L 500 N2 60 Toluene 500 air 1hr 
 
               
           
 
Figure 3.18 Photos of the as-deposited (left) and annealed (right) ZnO thin films: (top left) H, (top middle) I, 
(top right) J, (bottom left) K, (bottom right) L. 
 
The thickness of the annealed ZnO thin films was deduced using ellipsometry and the 
results are shown in Table 3.9. The variation in thickness with temperature is displayed 
in Figure 3.19. This graph shows that at temperatures up to 450 °C the thickness increases 
linearly with temperature, suggesting that the growth of the films is under kinetic control. 
Above 450 °C there is a sharp decrease in film thickness, this could be due to premature 
decomposition of the precursor in the gas phase before reaching the substrate. The growth 
rate of the annealed films H – K was calculated and an Arrhenius plot was created (Figure 
3.20) allowing the activation energy for the deposition to be calculated as 9.33 ± 3.26 kJ 
mol-1. This value is very low which could mean that a highly reactive species is being 





Table 3.9 Thickness of films H – L determined by ellipsometry. 
 Thickness MSE* 
H 130.20 ± 0.41 20.13 
I 184.06 ± 0.38 34.54 
J 177 ± 0.72 23.37 
K 205.36 ± 0.28 14.90 
L 25.01 ± 0.69 16.42 
*Mean Squared Error 
 
 
Figure 3.19 Graph of thickness (ellipsometry) versus temperature for annealed films I – L. 
 




















































The surface morphology of the as-deposited and annealed films was analysed by FESEM 
and AFM. The FESEM images of the as-deposited and annealed films are shown in Figure 
3.21 and 3.22 respectively. The images of the as-deposited films show that the films are 
relatively smooth and featureless with some visible cracks and large crystallites on the 
surface. The images of the annealed samples show that the large crystallites are no longer 
present on the surface suggesting that this may have been some impurity which has been 
removed by annealing. Films J and K now exhibit small crystallites across the entirety of 
the surface, whereas film K comprises small crystallites with a ‘flower-like’ morphology. 
A higher resolution image of one of these structures can be seen in Figure 3.23. 
The AFM images of the as-deposited and annealed films are displayed in Figures 3.24 
and 3.25 respectively. The as-deposited films are relatively smooth as shown by the small 
roughness values (0.5 – 3.6 nm) in Table 3.10. Film K displays large crystallites on the 
surface of the film, features which were also seen in the FESEM image (Figure 3.22). 
Also consistent with the SEM images, the annealed samples were found to be smooth and 
featureless, with the appearance of small cracks in the films. The average surface 
roughness decreased after annealing, possibly due to the removal of impurities on the 

















Figure 3.23 FESEM image of films K annealed at 500 °C at 100000x magnification. 
 
Table 3.10 Roughness values for as-deposited and annealed films.  
 Roughness values (nm) 
 As-deposited Annealed 
I 0.5 0.37 
J 2.98 1.69 





























































































 Crystallinity and Composition 
The crystallinity of the as-deposited and annealed ZnO thin films was examined by 
powder X-ray diffraction (pXRD) and the resultant patterns are shown in Figure 3.26 and  
Figure 3.27 respectively. The as-deposited films display very broad and low intensity 
peaks, with films deposited below 400 °C appearing amorphous. After annealing the 
maxima have a higher intensity which suggests that annealing increases the crystallinity 
and crystallite orientation in the films. All the films show peaks which match to ZnO 
(JCPDS 00-036-1451), however, all the peaks are quite broad, suggesting the presence of 
small crystallites. 
 
Figure 3.26 pXRD patterns of the as-deposited films I – L. 
 
 Figure 3.27 pXRD patterns of the annealed films I - L 

















The chemical composition of the as-deposited and annealed films was analysed by depth 
profile XPS. The results are shown in Figures 3.28 – 3.33. The composition of all the 
analysed films was very similar. The as-deposited films displayed levels of carbon and 
nitrogen contamination of ca. 6 – 10 at% and ca. 1 – 3 at% respectively, which persisted 
at constant levels throughout the bulk of the film. In the annealed samples, the levels of 
carbon and nitrogen contamination were reduced throughout the bulk of the sample and 
were found to be below the detection limit of the instrument (< 0.1 at%). A small amount 
of carbon, however, was found to be present on the surface of the films which could come 
from adventitious impurities from the atmosphere after annealing. The ratio of Zn:O was 
demonstrated as ca. 1:1 as would be expected for ZnO. At increased etch times for all the 










































Figure 3.29 Depth profile XPS analysis of annealed film I. 
 








































































Figure 3.31 Depth profile XPS analysis of annealed film J. 
 








































































Figure 3.33 Depth profile XPS of annealed film K. 
 
 Optical and Electrical Properties 
The optical properties of the films H – L were analysed by UV/Vis spectroscopy. The 
transmission spectra for the as-deposited films are shown in Figure 3.34. The transmission 
has an average of ca. 60% with the films grown at lower temperatures displaying greater 
transparency, possibly due to the films being thinner and consequently less absorbing. 
The transmission spectra of the annealed films are shown in Figure 3.35, highlighting that 
the transmission of all the films (80 – 90%) may be significantly enhanced by annealing. 
Although this is most likely ascribed to the removal of impurities in the film, annealing 
also further oxidises the films, removing any oxygen vacancies which may act as 
absorption centres. The band gap of the annealed films can be calculated using the 
absorption coefficient by creating a Tauc Plot (Figure 3.36). The band gap for films I – K 
was found to be ca. 3.25 eV, which is similar to those reported in the literature for other 







































Figure 3.34 UV/Vis spectra of the as-deposited films H – L. 
 




























































Figure 3.36 Tauc plot of the annealed films H - K 
 
Resistivity measurements of the as-deposited and annealed films were carried out using 
a multimeter. Reports in the literature suggest that non-doped ZnO can be conducting 
through oxygen vacancies within the film. The films reported in this chapter, however, 
were found to be non-conducting. This could be due to a number of factors: 
• The SEM images show that the annealed films are made up of small crystallites, 
providing a large number of grain boundaries which can result in a large number 
of recombination sites for charge carriers.  
• By pXRD the films were deduced to be not as crystalline as those reported in the 
literature, which can result in a reduction of the carrier transport length which 
would increase the resistivity. 
• Annealing the films in air can cause a reduction in the number oxygen vacancies 
within the film which act as charge carriers, hence, the conductivity will be 
lowered in the annealed samples.  
• Annealing in air can also cause oxygen to be adsorbed at grain boundaries which 

























 Synthesis of Aluminium amidates 
As previously discussed in Chapter 1 Section 1.3, a dopant such as Al3+ can be added to 
improve the electrical properties of ZnO thin films. There are many reports in the 
literature of aluminium amidates but none have been used in deposition processes. This 
section will focus on the synthesis of several aluminium amidates using pro-ligands L1, 
L2, L5 and L6 and their use in attempts to deposit Al-doped ZnO. Heteroleptic 
compounds were targeted by reacting one equivalent of the organic amide with trimethyl 
aluminium (Scheme 3.8).  
 
 
Scheme 3.8 Reaction scheme for the formation of alumnium amidates 13 – 16. 
The obtained compounds were analysed by 1H NMR and 13C{1H} spectroscopy. The 
1H NMR spectrum of compound 13 displayed a broad singlet at δ 5.75 ppm which 
indicated that the N-H bond was still present in the compound. The spectrum also 
displayed a resonance at δ -0.18 ppm which confirmed the presence of Al-CH3 groups. 
Integration of the ligand and Al-CH3 resonances determines that they are present in a 1:3 
ratio. This ratio would be expected if the ligand had formed an adduct, with the oxygen 
atom forming a dative bond to the aluminium centre. In contast, no comparable N-H 
resonance was observed in the 1H NMR spectra of compounds 14 – 16 suggesting that 
deprotonation of the pro-ligand had been successfully achieved. The presence of ligand 
and Al-CH3 resonances in a 1:2 ratio by integration demonstrated that one methyl group 
had been eliminated with the formation of the target heteroleptic compounds.  
X-ray quality single crystals of compounds 13 - 16 were isolated at room temperature 
from toluene. Single crystal X-ray diffraction analysis was carried out and the solid state 
structures are shown in Figures 3.37 – 3.40 respectively. Selected bond lengths and angles 
are shown in Tables 3.11 and 3.12. Compound 13 exhibits a tetrahedral geometry around 
the 4-coordinate Al centre. The coordination sphere is made up of the three methyl groups 




manner. The C-O bond (1.286(9) Å) is similar to that expected for a C-O double bond, 
however, the C-N bond (1.309(12) Å) is shorter than anticipated for a C-N single bond.9 
The steric bulk of the two tert-butyl substituents is evidently too large for deprotonation 
of the ligand to occur and the structure confirms the deductions drawn from the 1H NMR 
data above.  
Compounds 14 and 15 have very similar structures. Both have a [4,4,4]-membered ring 
with Al-O interactions forming the central [Al, O1, Ali, O1i] 4-membered ring. The Al 
centres are 5-coordinate in both structures with a square pyramidal geometry. The 
coordination sphere is made up of a bidentate amidate moiety, an O atom bound 
monodentate from a second amidate ligand and two methyl groups. The C-O and C-N 
bond lengths in compound 14 are 1.3447(16) Å and 1.2806(18) Å respectively and in 
compound 15 the average bond lengths are 1.3441 Å and 1.284 Å respectively.  In both 
compounds the C-O bond displays more single bond character (lit. 1.43 Å)9 whereas the 
C-N bond shows more double bond character (lit. 1.29 Å)9 which suggests that the 
π-electrons may be localised on the C-N bond. In contrast, the dimeric compound 16 
comprises an 8-membered ring structure in which the Al centres are 4-coordinate rather 
than the 5-coordinate atoms observed in 14 and 15. The coordination spheres are provided 
by two methyl groups and an oxygen and nitrogen atom from two different bridging 
amidate moieties. The average C-O and C-N bond lengths in compound 16 are 1.306 Å 
and 1.308 Å respectively. The values for these bonds lie within the ranges expected for 
single and double bonds respectively (lit. C-O 1.43 C=O 1.20 C-N 1.47 C=N 1.29)9, 
suggesting that the π-electrons are delocalised through the amidate moiety. The difference 
in the structures between 14/15 and 16 arises from the distance between R1 and R2. In the 
[4,4,4] ring structure this separation is ca. 3.18 Å, whereas in the 8-membered ring 
structure the distance is ca. 2.94 Å. This observation indicates that the latter structure 
arises as a result of the less bulky amidate substituents, whereas the [4,4,4] structure will 






Figure 3.37  Solid state structure of compound 13 at 50% ellipsoids. Hydrogen atoms have been removed for clarity. 
 





Figure 3.39 Crystal strucutre of compound 15 at 50% ellipsoids. Hydrogen atoms have been removed for clarity. 
 
Figure 3.40 Solid state structure of compound 16 at 50% ellipsoids. Hydrogen atoms have been removed for clarity. 
Table 3.11 Selected bond lengths (Å) for compounds 13 – 16. 
Bond 13 (Å) 14 (Å) 15 (Å) 16 (Å) 
Al1 – O1 1.863(2) 1.9221(10) 1.9313(11) 1.8013(16) 
Al1 – O1i - 2.036(10) - - 
A11 – O2 - - 2.0305(11) - 
Al1 – N1 - 2.0981(12) 2.0979(14) 1.974(2) 
Al1 – N2 - - 2.1008(14) - 
O1 – C1 1.286(9) 1.3447(16) 1.3441(18) 1.306(3) 
C1 – N1 1.309(12) 1.2806(16) 1.282(2) 1.308(3) 
O2 – C11 - - 1.3440(18) - 





Table 3.12 Bond angles (°) for compounds 13 – 16. 
Bond Angles 13 (°) 14 (°) 15 (°) 16 (°) 
O1 – Al1 – O2 - - - 74.85(4) 
O1 – Al2 – O2 - - - 74.38(5) 
Al1 – O1 – Al2 - - - 102.63(5) 
Al1 – O2 – Al2 - - - 103.55(5) 
O1-Al1-N1 - 64.47(4) 105.88(8) 64.38(5) 
O2-Al2-N2 - - - 64.35(5) 
O1-C1-N1 118.7(8) 109.90(12) 118.2(2) 109.95(14) 
O2-C11-N2 - - - 109.73(14) 
C1-O1-Al1 160.8(4) 95.79(8) 135.51(14) 95.64(9) 
C11-O2-Al2 - - - 95.93(9) 
C1-N1-Al1 - - - 90.02(10) 
C11-N2-Al2 - - - 89.96(1) 
 
 Thermal Decomposition 
To determine the decomposition temperature profile of these aluminium amidates TGA 
was carried out. The resultant curves are shown in Figure 3.41. The expected (for Al2O3) 
and calculated residual weights of compounds 13, 14 and 16 are shown in Table 3.13. 
Compound 13 has a residual mass which is close to that expected, however, 14 and 16 
yield masses higher than calculated. Although this could be due to incomplete 
decomposition, the ratio of Al:O in the compounds is 1:1 whereas the ratio of Al:O in 
aluminium oxide is 1:1.5 suggesting that the product formed would be substoichiometric 
in oxygen. The highly reactive nature of these alumnium methyl amidate compounds and 
the configuration of the TGA outside the glovebox, however, means that it is almost 
impossible to keep all oxygen and moisture away from the sample during analysis even 
though the sample is sealed within a crimped TGA pan. As a result, decomposition of the 
compound due to atmospheric oxygen cannot be discounted. Even so 13, 14 and 16 show 
sharp mass loss events at ca. 140, 150 and 200 °C respectively which indicate they start 






Figure 3.41 TGA curves of compounds 13, 14 and 16. 
 
Table 3.13 Expected and calculated residual weights of compounds 13, 14 and 16. 
 13 14 16 
Molecular Weight 229.34 398.55 370.49 
Expected 
Residual % Mass 
22.23 25.60 27.26 
Calculated 
Residual % Mass 
24.06 35.35 35.37 
*Due to a bulk sample of compound 15 not being obtained in sufficient purity the thermal 
analysis data was not collected 
To identify the decomposition pathway for these aluminium amidates 1H NMR analysis 
of the volatile by-products was carried out. The same procedure was used as for the 
zirconium and zinc amidates in Chapter 2 and 3, while the experimental set up is shown 
in Appendix Figure 7.1. Guided by the TGA data, compound 14 was heated at 400 °C 
in vacuo and the volatile by-products collected. The resultant 1H NMR spectra is 
displayed in Figure 3.42. Resonances at δ 4.75 and 1.6 ppm correspond to the elimination 
of iso-butylene. The formation of iso-propyl nitrile was indicated by the multiplet and 
doublet at δ 0.8 and ca. 1.60 ppm. The singlet resonance δ 0.18 ppm is consistent with the 
the loss of methane. Compound 16 was heated similarly in vacuo at 500 °C and the 
1H NMR spectrum of the obtained by-products is shown in Figure 3.43. Resonances at δ 
5.70 ppm, 4.9 5ppm and 1.55 ppm are indicative of the formation of propylene similar to 
that seen for compound 6 and 12 which also employed ligand L6. The corresponding 
























the loss of methane was detected as a singlet at δ 0.18 ppm. These data allow a 
decomposition pathway to be determined which is shown in Scheme 3.9.  
 
Figure 3.42 1H NMR spectrum of the volatile by-products from the thermolysis of compound 14. 
 
 






Scheme 3.9 Proposed decomposition mechanism for the aluminium amidates 
 
 Deposition of Al-doped ZnO Thin Films 
The information gathered from the thermal decomposition profiles of compounds 13, 14 
and 16 demonstrates that all the aluminium precursors could be viable AACVD 
precursors. A comparison of the TGA curves of the zinc amidate, 11, which was chosen 
to deposit ZnO, and the aluminium amidates 13, 14 and 16 is shown in Figure 3.44. These 
data show that compound 16 has a decomposition profile which is similar to the 
compound 11. They both have a decomposition onset temperature of ca. 210 °C and have 
a stable mass residue at ca. 500 °C. Compound 16 was, thus, chosen as the aluminium 





Figure 3.44 Comparison of zinc compound 11 and aluminium compounds 13 – 16. 
 
Deposition experiments were carried out to dope the ZnO thin films with aluminium. 
Three solutions with different ratios of compounds 11 and 16 (3, 10 and 20 mol%) were 
prepared in toluene. The deposition conditions are shown in Table 3.14. All the obtained 
films passed the Scotch Tape test, which shows they are well adhered to the substrate. 
Photographs of the as-deposited and annealed films are shown in Figures 3.45 – 3.47. The 
ratio of Zn:Al in solution was found to have an effect on the growth profile of the films. 
The solution with 3 mol% of aluminium precursor demonstrated an optimum growth 
temperature of 400 °C, whereas a higher temperature (ca. 500 °C) was needed to achieve 
a similar coverage for the solutions with 10 and 20 mol% (16). The films deposited from 
the 20 mol% solution were much thinner suggesting the higher concentration of 16 in 
solution possibly inhibits the growth of ZnO.  










M 350 N2 60 3mol% Al 600 air 1hr 
N 400 N2 60 3mol% Al 600 air 1hr 
O 450 N2 60 3mol% Al 600 air 1hr 
P 400 N2 60 10mol% Al 600 air 1hr 
Q 450 N2 60 10mol% Al 600 air 1hr 
R 500 N2 60 10mol% Al 600 air 1hr 
S 550 N2 60 10mol% Al 600 air 1hr 
T 450 N2 60 20mol% Al 600 air 1hr 


























            
Figure 3.45 Photos of films (left) M, (middle) N, (right) O. For each photograph, an as-deposited sample is on the 
left and annealed sample is on the right. 
    
Figure 3.46 Photos of films (left) Q and (right) R. For each photo an as-deposited sample is on the left and annealed 
sample is on the right. 
    
Figure 3.47 Photos of films (left) T and (right) U. For each photo an as-deposited sample is on the left and annealed 
sample is on the right. 
 Morphology 
The FESEM images of the as-deposited and annealed films M – O, Q, R, T and U are 
shown in Figures 3.48 – 3.54. All the films were relatively smooth and featureless, 
although cracks can be seen in the surface of the films. Annealed films N and O display 
small crystallites on the surface of the film, which are densely packed together. The image 
of annealed film Q displayed a cube like crystallite on the surface of the film. This 
structure is similar to images previously reported in the literature for ZnO,11, 12 whereas 
film R displayed features which are similar to the ‘flower’-like structures seen in film K 
(Figure 3.22 and 3.23). For films T and U, the as-deposited samples were featureless and 




annealed samples. Films M – O were used as examples in calculating the surface 
roughness values using AFM. The AFM images revealed a morphology similar to that 
seen in the FESEM images. (Figure 3.55). The root mean square roughness values of the 
as-deposited films M – O are 0.54, 0.32 and 0.44 nm, respectively while the 
corresponding values for the annealed films are 0.26, 1.25 and 1.42 nm. These very low 
values are consistent with the conclusions drawn from the FESEM with the films being 
relatively smooth. The annealed films are slightly rougher (average ca. 0.97 nm) which 
could be explained by the apparently increased number of crystallites visible on the 
surface of the films. This low value of roughness is desirable, however, when making thin 
films to use in a PV cell as, high roughness may cause short circuiting of the PV cell and 
loss of efficiency. 
 
 
Figure 3.48  (Left) As-deposited and (right) annealed film M at 50000x magnification. 
    





Figure 3.50 (Left) As-deposited and (right) annealed film O at 50000x magnification. 
 
Figure 3.51 (Left) As-deposited and (right) annealed film Q at 50000x magnification. 
    






Figure 3.53 (Left) As-deposited and (right) annealed film T at 50000x magnification. 
    
Figure 3.54 (Left) As-deposited and (right) annealed film U at 50000x magnification. 
 
 





















































 Crystallinity and composition 
The crystallinity of the as-deposited and annealed films was analysed by pXRD. The 
resultant patterns are shown in Figures 3.56 and 3.57 for films M – O, Figures 3.58 and 
3.59 for films Q – S and Figures 3.60 and 3.61 for films T and U. The as-deposited 
samples for all the films are almost amorphous with very low intensity broad maxima in 
positions that match those of ZnO. The annealed samples display a considerable 
difference. The maxima for films M – O now have a much higher intensity, albeit they 
are still quite broad. This suggests that annealing the films has increased the orientation 
of the film, while the broadness of these maxima indicates that the crystallites are very 
small. The patterns for films Q, R, T and U also display an increased in intensity of the 
maxima, all of which matched that of ZnO. Significantly, the pXRD patterns did not give 
any indication of AlxOy phases present in the samples. 
 
Figure 3.56 pXRD patterns for as-deposited films M – O. 










Figure 3.57 pXRD patterns of films M – O annealed at 600 °C in air. 
 
Figure 3.58 pXRD patterns of as-deposited films Q – R. 















Figure 3.59 pXRD patterns of annealed films Q – R. 
 
Figure 3.60 pXRD patterns of as-deposited films T and U. 














Figure 3.61 pXRD pattern of annealed films T and U. 
 
To determine whether any aluminium had been incorporated into the ZnO films, depth 
profile XPS analysis was carried out on film N as an exemplar for the films deposited 
with 3 mol% Al in solution (Figure 3.62). The data show an approximate ratio of Zn:O 
of 1:1 which would be expected for ZnO. There is no indication, however, of Al being 
incorporated into the film.  









Figure 3.62 Depth profile XPS spectra of film N. 
 
XPS data for as-deposited and annealed films Q and R are shown in Figures 6.63, 6.64, 
6.65 and 3.67. These films were grown from a solution with 10 mol% aluminium 
precursor in solution. As-deposited samples of Q and R have carbon levels of ca. 7 – 10 
at%, which was reduced to ca. 1 – 3 at% after annealing. The Zn:O ratio is ca. 1:1 through 
the bulk of the film as expected for Al-doped ZnO. Film Q demonstrates a concentration 
of Al in the as-deposited and annealed samples of ca. 3.0 and 3.6 at% which is similar to 
those films reported in literature for Al doped ZnO. For film R the as-deposited and 
annealed samples display concentrations of Al ca. 9.8 and 11.8 at%, respectively. The 
level of oxygen is higher than expected; the ratio of Al:Zn:O in the annealed sample is 
2:6:9, this suggests that the increased amount of Al at higher temperatures could indicate 





































Figure 3.63 Depth profile XPS spectra of as-deposited film Q. 
 
 









































































Figure 3.65 Depth profile XPS data of as-deposited film R. 
 
 










































































XPS data for films grown with 20 mol% aluminium precursor in solution are shown in 
Figures 3.67, 6.68, 6.69 and 3.70. Film T deposited at 450 °C displays an approximate 
Zn:O ratio of 1:1 with ca. 2 at% of aluminium through the bulk of the film.  Also present 
are carbon and nitrogen impurities which are removed by annealing in air. As-deposited 
film U samples demonstrates a high aluminium content, with concentrations of Zn, Al 
and O of 13 at%, 27 at% and 53 at%, respectively. This accounts for a ratio of Zn:Al:O 
of 1:2:4 which could indicate that the film is a composite of ZnO and Al2O3, similar to 
that seen in film R. The annealed sample of film U does not display similar levels of Al 
concentration. Due to the difficult nature of analysing the same part of the film before 
and after annealing this suggests that some concentration gradient of Al:Zn:O is present 
within the film. The increase in temperature used to deposit this film could, also, account 
for the deposition of Al2O3 compared to the small at% in film T.  
 








































Figure 3.68 Depth profile XPS data for annealed film T. 
 









































































Figure 3.70 Depth profile XPS data for annealed film U. 
 
 Optical and electrical properties 
To determine if the doping experiments had imposed any effect on the properties of the 
films UV/Vis spectroscopy and resistivity measurements were performed. The 
transmission spectra for the as-deposited films are shown in Figures 3.71, 3.73 and 3.75. 
The transmission has an average of ca. 70% with the films grown at lower temperatures 
demonstrating greater transparency. The transmission spectra of the annealed films 
(Figures 3.72, 3.74 and 3.76) demonstrate that the transparency of all the films has been 
vastly improved by annealing with 80 – 90% transmission in the visible light region. 
Although this could be due to the removal of impurities from the film by annealing, this 
process could also fully oxidise the films, removing any oxygen vacancies which may act 








































Figure 3.71 UV/Vis spectra of the as-deposited films M – O.  
 























































Figure 3.73 UV/Vis spectra of the as-deposited films Q – R 
 





















































Figure 3.75 UV/Vis spectra of the as-deposited films T – U 
 
Figure 3.76 UV/Vis spectra of the annealed films T – U 
Figures 3.77 and 3.78 show the transmission spectra for the films deposited at 450 and 
500 °C respectively with various amounts of aluminium precursor in solution. Both 
spectra show a shift in the absorption edge at the near-UV region. With increased amount 
of aluminium in the solution the films absorb light with smaller wavelengths. However, 
there does not appear to be a reduction in transmission, compared to the film with no Al, 
at the near-IR region which is usually associated with an increase in the number of charge 




















































Figure 3.77 UV/Vis spectra for annealed films with 0 – 20 mol% of Al deposited at 450 °C 
 
 
Figure 3.78 UV/Vis spectra for annealed films with 0 – 20 mol% of Al deposited at 500 °C 
 
To measure whether the doping experiments had an effect on the film resistivity, analysis 
was carried out using a multi-meter. Although films M – O were found to be 
non-conducting this is most likely due to the lack of aluminium present in the film, as 























































deposited film R displayed a resistance of 0.8 MΩ, the annealed sample was not 
conducting. This could be due to the reduction of oxygen vacancies in the film and 
adsorption of oxygen at the grain boundaries. Film Q had a similar concentration of Al 
as those Al-doped ZnO films reported in the literature, however, the resistance values are 
much lower. This difference in resistance value could be due to the lack of crystallinity 
of the deposited films, the films do not have a highly ordered lattice which could reduce 
the mobility of the charge carriers. The films T and U were also not conducting. XPS data 
of film T indicated that 3 at% of Al had been incorporated into the film. A similar amount 
of carbon, however, was also found to be present so this could limit the conductivity by 
creating recombination centres and reducing the mobility pathway of the charge carriers. 
The ratios of Zn:Al in film U suggest that phase separation had occurred with the presence 
of ZnO and Al2O3 which would hinder the electron mobility.  
 Conclusion 
This chapter described the synthesis of hetero- and homoleptic zinc and aluminium 
amidates. The compounds were characterised by NMR spectroscopy and single crystal 
X-Ray diffraction while the decomposition profile of each compound was studied by 
TGA and NMR studies. The TGA results demonstrated that the Zn compounds 
decompose at temperatures ca. 250 – 300 °C and stable mass residues are obtained by 
400 °C. The aluminium compounds have an onset of decomposition similar to that of the 
Zn compounds, however, achievement of a stable mass residue requires significantly 
higher temperatures (ca. 500 °C). NMR studies of the volatile by-products suggest that 
the first step in the decomposition pathway is the loss of an alkene fragment followed by 
nitrile extrusion to give ZnO and in the case of the aluminium compounds methane is also 
released. These observations provide broad support for the mechanism proposed in 
Chapter 1 Scheme 1.5. 
Compound 11 was selected to be used in the ZnO deposition studies as it had a slightly 
lower onset of decomposition compared to 10 and 12. After assessment of the aluminium 
amidate TGA data, compound 16 was chosen to be used in the deposition of doped ZnO 
as its TGA curve was most similar to that of compound 11. 
ZnO was deposited in the temperature range 300 – 500 °C and pXRD analysis 
demonstrates that the annealed films have broad maxima, which suggests the crystallites 




through the bulk of the as-deposited films. Films were obtained from doping experiments 
with solutions containing various ratios of Zn:Al. The films with the lowest amount of 
aluminium (3 mol%) showed no incorporation of Al by XPS and were not conducting. 
The films grown from 10 mol% are awaiting XPS results. The films grown from 20 mol% 
have a level of Al incorporation of ca. 2 - 25 at%, depending on the deposition 
temperature. Although these films displayed a high resistance value (ca. 0.8 MΩ), all of 
the annealed films demonstrated a transmission in the visible region of ca. 70 – 80%.  
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  Chapter 4: Deposition of SnS thin films from 






This final chapter will focus on PV absorber materials. As discussed in Chapter 1 PV cells 
generate electricity by the absorption of light and generation of charge carriers. In order 
for an absorber material to afford the best solar conversion efficiency it must fulfil several 
key requirements. The band gap should be in the range 1.1 – 1.4 eV to absorb light in the 
visible portion of the electromagnetic spectrum. The absorption coefficient, α, should be 
high (> 104 cm-1) to maximise the amount of light absorbed. The photovoltaic industry is 
currently dominated by crystalline Si solar cells which were discussed in Chapter 1. The 
indirect band gap of Si means that the light absorption coefficient is low (102 cm-1), thus, 
a thick layer (100 – 500 μm) is needed to absorb the ideal number of photons to produce 
an efficient cell. The cost associated with the production of this thick layer of silicon in 
the quantities needed to meet the increasing supply demand is, thus, very high. To counter 
this issue new and more cost-effective materials need to be developed. 
The second generation of solar cells include materials such CdTe and CIGS, as mentioned 
in Chapter 1. The absorption coefficients of the absorber material in these PV cells are 
much higher than in silicon (ca. 104 cm-1) and, as a result, only a thin layer (10 – 200 nm) 
is required to absorb the same number of photons. The resultant devices are thus, known 
as ‘thin film’ solar cells. Many of these materials, however, contain elements which 
include In, Ga, Se and Te, which are rare and expensive or are toxic such as Cd. Ideally, 
for large scale production the constituent elements need to be inexpensive, non-toxic and 
abundant. It is, thus, important to develop alternative materials derived from more 
abundant elements. One such material which has attracted a significant amount of 
attention in the past 10 - 20 years is tin sulfide. Tin sulfide meets the current requirements 
as its constituent elements are inexpensive and abundant in the Earth’s crust. Tin sulfide 
can exist as several stoichiometries (SnS, SnS2 and Sn2S3), which provides materials with 
different properties. SnS can adopt several different polymorphic forms, the most 
common of which is orthorhombic SnS (α-SnS) which was first discovered by Robert 
Herzenberg in 1932. This mineral structure is therefore known as Herzenbergite.1 The 
direct and indirect optical band gaps of orthorhombic SnS are ca. 1.1 and 1.5 eV 
respectively and it displays p-type conductivity, properties which would make it an 
excellent candidate absorber material for PV applications.2-4 SnS can also crystallise in a 
cubic zinc blende crystal structure (ZB-SnS) which has a band gap of 1.72 eV.5, 6 




be a good, albeit less efficient, candidate as PV absorber material as a smaller portion of 
visible light would be absorbed.  
Previously, SnS thin films have been deposited by ALD,7,8 spray pyrolysis,9-16 
sputtering,17,18, 19 chemical bath deposition,5, 20-27 vacuum evaporation,28-30 and CVD.31-39 
This chapter will focus on the deposition of SnS by AACVD. 
A variety of precursors have been used to deposit tin sulfide-containing materials. 
Price et al. reported the use of APCVD to deposit a variety of tin sulfide stoichiometries 
from SnCl4 and H2S in the temperature range 300 – 545 °C.31, 34 SnS was only obtained 
at 545 °C. At temperatures below this SnS2 (300 – 500 °C) and Sn2S3 (525 °C) were 
obtained. Barone et al. reported the use of tetra(phenylthiolato)stannane XXXV 
(Figure 4.1) and H2S to deposit SnS by AACVD.
32 In the absence of H2S the films that 
were deposited did not contain sulfur and the resultant XRD pattern matched that of 
Sn3O4. With the addition of H2S, however, SnS films were obtained at temperatures above 
450 ºC. Hibbert et al. reported the use of the (fluoroalkylthiolato)tin(IV) species, XXXVI 
(Figure 4.1) for APCVD in the temperature range 300 – 600 °C. As with precursor XXXV 
SnS could only be obtained at higher temperatures (> 525 °C) and in the presence of H2S. 
 
 
Figure 4.1 Structures of compounds XXXV and XXXVI. 
 
Kana et al. reported the use of the organotin(IV) dithiocarbamates XXXVII and 
XXXVIII (Figure 4.2) to deposit SnS by APCVD.40 Both compounds exhibited similar 
growth rates, although without the addition of H2S no films could again be deposited. 
When H2S was added to the system, however, SnS films were deposited at temperatures 





Figure 4.2 Structures of compounds XXXVII and XXXVIII. 
 
With the exception of SnCl4, all of the precursors discussed above contain a sulfur atom 
coordinated to the tin centre. It is notable, however, that films containing sulfur were not 
deposited until a second source (H2S) was added. The major disadvantages of H2S are its 
high flammability and toxicity and careful process control and specialised equipment is 
needed to prevent leakage into the environment with resultant expensive processing costs.  
The first single source SnS AACVD precursor film was reported in 2001 by 
Parkin et al..38 The tin thiolate precursor (XXIX, Figure 4.3) allowed deposition in the 
temperature range 350 – 500 ºC, both with and without the presence of H2S. All the films 
that were deposited were amorphous, although Raman spectroscopy and EDX analysis 
confirmed the presence of tin sulfide. The growth pattern of the films with and without 
H2S was surprising. In the presence of H2S, SnS films were only deposited at temperatures 
between 500 – 550 °C whereas below this threshold, a mixture of SnS2 and Sn2S3 phases 
were obtained. Without H2S SnS films were obtained in the temperature range 
400 – 500 °C, indicating that not only can this precursor deposit SnS without H2S, but it 
can produce it at a lower temperature than previously reported.38 
 
 




O’Brien and co-workers synthesised a range of organo tin(IV) dithiocarbamates 
XL – XLIII (Figure 4.4).3 AACVD was carried out without a second sulfur source in the 
temperature range 400 – 530 °C allowing the growth of SnS films, the pXRD patterns of 
which were found to match to orthorhombic Herzenbergite SnS. EDX analysis indicated 
a small but unspecified amount of carbon contamination in the films. 
 
 
Figure 4.4 Structures of compounds XL – XLIII. 
 
O’Brien and co-workers have also reported the use of the tin(II) dithiocarbamates 
XLIV – XLVI (Figure 4.5) to deposit SnS by AACVD. The films deposited from all 
three compounds at 450 and 500 °C were found to be primarily SnS, although a small 
amount of SnO2 impurity was also present. Although compounds XXXIX – XLVI are 









With the intention of enabling reduced growth temperatures, Ahmet et al. synthesised the 
heteroleptic Sn(II) thioureide compound XLVII (Figure 4.6).35 AACVD with this 
compound was carried out in the temperature range 250 – 500 °C. While no appreciable 
deposition occurred at 250 and 500 °C, SnS films were successfully deposited in the range 
300 – 450 °C.35 Although depth profile XPS analysis demonstrated the presence of C 
(4 – 6 at%) and O (3 – 7 at%) impurities on the surface, these decreased rapidly as the 
film was etched and the stoichiometry of the bulk material was found to be consistent 
with SnS at all successful growth temperatures. Analysis of the photocurrent of the 
as-deposited SnS films was carried out and the external quantum efficiency (EQE) value 
for α-SnS was calculated to ca. 50%. This value is very high for an untreated and 
unannealed SnS thin film and demonstrates that this precursor could be useful in 
depositing efficient PV absorber materials.35 
  
Figure 4.6 Structure of compound XLVII. 
 
The reports discussed above demonstrate that dithiocarbamate and thioureide ligands can 
yield successful single source precursors for the deposition of SnS thin films. The general 
structures for metal dithiocarbamate and thioureide species are shown in Table 4.1. As 
described in chapters 2 and 3 analogous metal amidate compounds may be used for the 
successful deposition of metal oxide thin films. A simple isoelectronic replacement of the 
oxygen atom in the ligand for a sulfur atom can produce a thioamidate compound. This 
chapter will, thus, focus on the synthesis and deposition of isoelectronic tin(II) 
thioamidates to assess their viability as simple and readily accessible single source 






Table 4.1 Ligands derived by isoelectronic replacement of the heteroatom of the amidate unit. 
 
dithiocarbamates 
E = S 
X = NR2 
 
thioureide 
E = S 
Y = NR 
X = NR2 
 
amidate 
E = O 
Y = NR 
X = alkyl 
 
thioamidate 
E = S 
Y = NR 
X = alkyl 
 
 Results and Discussion 
 Synthesis and Characterisation 
Thioamide pro-ligands were prepared by thionation of the corresponding amides using 
Lawesson’s reagent, which in solution is in an equilibrium with a more reactive 
dithiophosphine ylide. As both ylide functions can react with an amide only half an 
equivalent of Lawesson’s reagent is needed with respect to the amide (Scheme 4.1). The 
reaction is, thus, reminiscent of a Wittig type reaction with the driving force the formation 
of a strong P=O double bond.  
Thioamide pro-ligands L8 and L9 were prepared by reacting amide pro-ligands L2 and 
L6 with Lawesson’s reagent at 60 °C for 18 hours (Scheme 4.1).  The obtained thioamides 
were purified by silica gel column chromatography and analysed by 1H, and 13C NMR 
spectroscopy. The 1H NMR spectra of both compounds displayed a shift in the NH 
resonance from δ 5.40 ppm in the amides to ca. δ 6.85 ppm in the corresponding 
thioamide. The 13C{1H} NMR spectra also demonstrated a shift in the resonance at ca. δ 





Scheme 4.1 Reaction scheme for the formation of thioamide ligands L8 and L9. 
 
The thioamides L8 and L9 were then reacted with 0.5 equivalents of [Sn{N(SiMe3)2}2] 
(Scheme 4.2) to synthesise the homoleptic tin(II) thioamidate compounds 17 and 18 by a 
simple protonolysis reaction. 
 
Scheme 4.2 Reaction scheme for the formation of the Sn(II)thioamidate derivatives 17 and 18. 
 
Compounds 17 and 18 were afforded as a colourless solid and an orange oil respectively. 
Each compound was characterised by 1H, 13C{1H} and 119Sn NMR spectroscopy. The 
absence of the bis(trimethylsilyl) resonance (ca. 0.29 ppm) in the 1H NMR spectra 
confirmed that a homoleptic species had been obtained in both compounds while the 
appearance of only one set of resonances for the thioamidate ligands indicated that the 
ligands occupy identical environments on the NMR timescale.  The 119Sn{1H} NMR 
spectra for compounds 17 and 18 were also indicative of a single Sn(II) environment with 
the chemical shifts moving downfield to  – 318.4 ppm and  – 290.9 ppm respectively, 




X-ray quality single crystals of compound 17 were obtained from a saturated toluene 
solution at – 35 ºC and the resultant structure is shown in Figure 4.7. Compound 17 
exhibits a distorted square pyramidal geometry, whereby the N2S2 atoms form the basal 
plane of the pyramid whilst the sterochemically active lone pair of the Sn(II) centre forms 
the apex. The thioamidate ligands are bound to the Sn(II) atom in a bidentate κ2 manner 
and this structure is consistent with the conclusions drawn from the solution NMR 
analysis. The C–S bond (1.7546(16) Å) is close in value to those reported for typical C-S 
single bonds whereas the C–N bond (1.2861(18) Å) is more consistent with its assignment 
as a localised C=N double bond.41 The geometry and bond angles (S1-Sn-S1i: 96.82(2)°) 
and (N1-Sn-N1i: 113.30(6)°) are similar to those reported by Ahmet et al. and Kevin et 
al. for similar distorted square pyramidal geometries observed in compounds XLIV and 
XLVII .35, 37   
  
Figure 4.7 Solid state structure of compound 17. Thermal ellipsoids are shown at 50% probability. Atoms with i 
labels are related to those in the asymmetric unit by the 1-x, 1-y, 2-z symmetry operation. 
 
Table 4.2 Selected bond lengths (Å) and angles (º) for compound 17 
Bond Length (Å) Bond Length (Å) 
Sn-N1 2.3791(12) C1-S1 1.7546(16) 
Sn-S1 2.5467(4) C1-N1 1.2861(18) 
Bond Angle ( º ) Bond Angle ( º ) 
S1-Sn1-S1i 96.82(2) C1-S1-Sn1 82.24(5) 
N1i-Sn1-S1 85.95(3) C1-N1-Sn1 99.81(10) 
N1-Sn1-S1 62.89(3) N1-C1-S1  114.78(11) 




 Thermal Analysis 
The viability of compounds 17 and 18 to act as potential precursors to SnS, was assessed 
by TGA. The resultant thermal decomposition profiles are shown in Figure 4.8. 
Compound 17 displays an onset of decomposition at 150 °C with a stable residual mass 
of 42 wt% at ca. 300 °C. This residual mass is significantly higher than expected for SnS 
(34 wt%), which suggests incomplete decomposition and/or the incorporation of 
non-volatile impurities. Compound 18 begins to decompose at an onset temperature of 
ca. 160 ºC, with a stable mass residue of 34 wt% at 400 ºC, which corresponds well with 
that expected for the formation of SnS (36 wt%).  
 
 
The decomposition of both compounds was further studied by analysing the volatile 
by-products by 1H NMR spectroscopy. The apparatus was employed as described in 
Chapters 2 and 3 (Appendix, Figure 7.1). Guided by the TGA curve, compound 17 was 
heated in vacuo at 250 ºC. The resultant 1H NMR spectrum, shown in Figure 4.9, allows 
the identification of the volatile by-products of thermolysis. The multiplets at δ 4.72 and 
1.60 ppm correspond to the CH2 and CH3 environments of 2-methylpropene respectively. 
Furthermore, the production of iso-propyl nitrile is confirmed by the observation of the 
respective heptet and doublet resonances at δ 1.78 and 0.65 ppm. Sublimed solid collected 



















NMR spectroscopy. The resultant spectrum displayed resonances at δ 7.0 ppm for the N-
H peak, δ 2.10 and 1.13 ppm for an iso-propyl group and δ 1.33 ppm for the tert-butyl 
group which corresponds with signals of the protonated pro-ligand, L8. 
 
Figure 4.9 1H NMR spectrum of the volatile by-products from the thermolysis of compound 17. 
 
Similarly, compound 18 was heated in vacuo at 300 ºC and the 1H NMR spectrum in 
Figure 4.10 illustrates the by-products of the decomposition. In this case, the multiplets 
at δ 5.71 and 4.96 ppm correspond to the CH and CH2 resonances of propylene 
respectively, while the CH3 environment resonates at δ 1.56 ppm. The formation of 
iso-propyl nitrile as a further by-product of the decomposition was confirmed by the 





Figure 4.10 1H NMR spectrum of the volatile by-products from the thermolysis of compound 18.  
 
Consideration of the 1H NMR spectra resulting from the decomposition of both 
compounds highlights similar results to those discussed in previous chapters for the metal 
organic amidate compounds. On this basis a similar decomposition pathway may be 
proposed (Scheme 4.3), which supports the generalised mechanism for the decomposition 
of a metallated amidate which was discussed in the Chapter 1 (Scheme 1.5). 
 




 Thin Film Deposition 
Compounds 17 and 18 display low decomposition onset temperatures (200 °C and 
250 °C, respectively) as determined from the TGA curves and have good solubility in 
toluene, which suggests they may be good low temperature single source precursors for 
AACVD. Even though the calculated residual wt% for compound 17 was higher than that 
expected for SnS, both compounds were carried through to deposition studies. The films 
were deposited onto silica-coated float glass substrates supplied by Pilkington NSG Ltd. 
The deposition conditions are shown in Table 4.3.  
Table 4.3 Deposition conditions used for the AACVD of SnS thin films with compounds 17 and 18. 






V 17 0.05 200 30 
W 17 0.05 250 30 
X 17 0.05 300 30 
Y 18 0.05 250 30 
Z 18 0.05 300 30 
AA 18 0.05 350 30 
BB 18 0.05 400 30 
 
Photographs of the as-deposited films are shown in Figure 4.11. Compound 17 deposited 
films at lower temperatures than compound 18, which is consistent with the inferences 
drawn from the TGA curves. Successful deposition was achieved with compound 17 in 
the temperature range 200 – 300 ºC. The films were mainly an opaque black in 
appearance; however, the films were yellow (Films V – X) at the leading edge of the 
substrate. This could indicate the presence of SnS2 and SnS with a clear transition between 
the two phases. In contrast, compound 18 successfully deposited films at higher 
temperatures (250 – 400 ºC). Film Y appeared to be very thin with a brown appearance 
which could indicate the presence of Sn2S3. At higher temperatures the coverage of the 
substrate increased and the films were primarily black in colour. Films AA and BB again 
appeared yellow at the leading edge of the substrate but had a sharp transition to black as 
was observed for films V – X. The Scotch tape test was carried out on these films. 
Although some black powder on the surface of the films was removed by the tape, the 




    
Figure 4.11 Photographs of films deposited from compound 17 (left) and compound 18 (right). 
 
 Composition and Crystallinity 
Powder X-ray diffraction (pXRD) was performed on all the deposited films to determine 
the crystallinity of the materials and the resultant pXRD patterns are shown in 
Figures 4.12 and 4.13. While film V, deposited at 200°C, was amorphous, films W and 
X provided one high intensity maximum which could be readily indexed to orthorhombic 
SnS (Card No. 00-014-0620, Herzenbergite). As with film V, film Y was found to be 
amorphous whereas AA and BB, could be indexed to orthorhombic SnS (Card No. 00-
014-0620, Herzenbergite). In contrast, film Z, deposited at 300 ºC, was partly indexed to 





Figure 4.12 pXRD patterns for films V – X. 
 
Figure 4.13 pXRD patterns for films Y – BB. 
 
  
















The composition of the deposited films was further assessed by Raman spectroscopy, 
while selected films were analysed by depth profile XPS. The Raman spectra of films 
V – X are shown in Figure 4.14, while those resulting from films Y – BB are shown in 
Figure 4.15. Films V – X have absorptions at 93, 158, 186, 224 cm-1 (and 290 cm-1 for 
V). These Raman shifts match those reported for SnS in the literature.3, 38, 42 Significantly, 
there do not appear to be any additional vibrations at 307, 312, 632 cm-1 to indicate the 
presence of SnS2, Sn2S3 or SnO/SnO2, respectively. These data suggest that compound 
17 deposits phase pure SnS even at the lowest deposition temperature of only 200 °C. 
Films AA and BB show four distinct absorptions at 93, 163, 190, and 220 cm-1 which are 
similar to those seen in V – X. Films Y and Z show less intense spectra which could 
possibly be due to the lower temperatures used to deposit these films and a resultant 
reduced thickness. Ahmet et al. reported a similar observation at a deposition temperature 
of 300 ºC, where only peaks of relatively low intensity were seen.35 Film Z shows an 
absorption at 312 cm-1, which may be due to the presence of Sn2S3 or SnS2, although the 
















Figure 4.15 Raman spectra of films Y – BB. 
 
Depth profile XPS analysis was carried out on films Z – BB to determine the composition 
through the bulk of the deposited material. Figure 4.16 shows the depth profile spectra of 
film Z. Significantly the data highlight a Sn:S ratio of ca. 1:1, which would be expected 
for bulk SnS. Carbon and oxygen was present of the surface of the film, however, this  
reduced dramatically as the sample was etched such that through the bulk of the sample 
the C content was only ca. 2 – 5 at%.  
High resolution XPS spectra for the Sn and S peaks shown in Figure 4.17 and 4.18 
respectively show the expected 3d5/2 and 3d3/2 peaks at binding energies, 486.4 eV and 
494.8 eV. Although, there is currently some ambiguity with regard to the binding energies 
of the Sn peaks in SnS, the position of the Sn 3d5/2 peak for SnS typically appears in the 
range 485.6 – 486.5 eV.34, 35, 43-45 There are also smaller peaks present at the lower binding 
energies of 485.2 eV and 493.7 eV. This could be due to Sn(0) being present as Sn metal, 
in line with similar values reported by Mathews et al.4 The difference in intensity of the 
peaks at etch time 0 s and the peak at an etch time > 0 s is due to the surface containing 
high levels of carbon and oxygen. The high resolution S spectra show the expected 
doublet 2p1/2 and 2p3/2 features at 161.4 and 162.6 eV respectively, consistent with the 















Figure 4.16 Depth profile XPS data for film Z. 
 
 






































Figure 4.18 High resolution S peaks at various etch times for film Z. 
The depth profile of film AA, shown in Figure 4.19, is not as straightforward as that of 
Film Z. At approximately 400 s etch time the elements present in the substrate, i.e. Si and 
O, appear in the spectra indicating that film AA is much thinner than Z. As in film Z 
carbon and oxygen are present on the surface of the film. The ratio of Sn:S is also rich in 
Sn, although a ratio of 1:1 appears close to the surface of the substrate. Analysis of the 
high-resolution Sn spectra (Figure 4.20 and 4.21) highlights a similarity to the spectra of 
film Z, however the peaks at 485.2 eV and 493.7 eV, which may again be assigned to the 
presence of Sn metal, have a higher intensity. This could explain the higher Sn 
concentration in comparison to S if it was present as metallic tin as well as SnS. The 
higher resolution S spectra show the expected doublet for SnS. Sample BB was also 
analysed, however the film was found to be too thin and there was too much interference 





































Figure 4.19 Depth profile XPS analysis for film AA. 
 





































































Figure 4.21 High resolution S peaks at various etch times for Film AA. 
 
 Morphology of SnS Films 
Atomic force microscopy (AFM) was performed to determine the surface roughness of 
the thin films, both before (Figure 4.22) and after (Figure 4.23) the removal of the powder 
layer. The roughness values for the films are shown in Table 4.4.  
The values of roughness observed for the thin films before the removal of the powder 
layer are very large (> 300 nm) and in some cases this roughness could be equal to the 
actual film thickness. The roughness values recorded for the films after the powder has 
been removed are much smaller and vary across the deposition temperatures. The films 
deposited for the lower temperatures (V and Y) have a roughness of 7.6 nm which 
increases on raising the deposition temperature. This could be due to an increase in 













































V 200 347 7.6 
W 250 558 10.8 
X 300 448 136.5 
Y 250 - 7.6 
Z 300 - 57.4 
AA 350 484 43.2 

































































































                        













                              




                                                                
 
                                                     
 
 






















































Field emission scanning electron microscopy (FESEM) was carried out to determine the 
morphology of the films after the removal of the powder layer. The images of films W 
and X are shown in Figures 4.25 and 4.27. Film W comprised a collection of large and 
small plates which are packed densely together with no holes in the film. The 
cross-section image (Figure 4.26) shows small crystallites growing at the surface of the 
substrate and larger plates which sit with an orthogonal orientation to the substrate, the 
largest of which measures ca. 100 nm. In film X the plates are much smaller but still 
densely packed together. 
 
 





Figure 4.26 Cross section FESEM image of film W at 50000x magnification. 
 
 






Film Z, deposited from compound 18, presents a film with dual morphology 
(Figure 4.28). There are small plate structures (ca. 430 nm) which are similar to those 
observed in film W along with some structures that are of a more globular morphology. 
The latter features can be seen more clearly in a higher magnification image shown in 
Figure 4.30. Film AA has a more uniform morphology and the globular structures cannot 
be seen (Figure 4.31 and 4.32). The FESEM images for film BB are shown in Figures 
4.33 and 4.34. The plates are much larger (ca. 800 nm) than in film Z and they appear to 
be perpendicular to the substrate surface and aligned parallel to each other. This could 
account for the increased maxima intensity in the pXRD patterns of film BB compared to 
film Z as the film exhibits a preferred growth orientation. 
 
 







Figure 4.29 Cross section FESEM image of film Z at 50000x magnification. 
 
 






Figure 4.31 FESEM image of film AA at 20000x magnification. 
 
 





Figure 4.33 FESEM image of film BB at 20000x magnification. 
 
 






 Optical properties 
The optical properties of the as-deposited films were determined by UV/Vis 
spectroscopy. The transmission spectra of films V – X and Y – BB are shown in 
Figures 4.35 and 4.36 respectively. The transparency of films V – X varies from 2% to 
30% in the visible region. The higher transparency of film V is simply ascribed to the 
film being thin and less light being absorbed. Film Y has a very high transparency of 
ca. 60% in the visible region which could be due to the lack of uniformity of the film and 
incomplete coverage of the substrate. Films Z – BB have a transparency ca. < 20% in the 
visible region which is similar to values reported in the literature of SnS thin films.35 
 
Figure 4.35 Transmission spectra of films V – X. 
 









































Estimates of the band gap can be made by calculating the absorption of the films. These 
data are shown in Figures 4.37 and 4.38. Films V and X display a band gap of ca. 1.25 
and 1.1 eV respectively, whereas films AA and BB both display an approximate band gap 
of ca. 1.4 eV, which are similar to the value reported in literature for SnS.2, 3, 8 
 
Figure 4.37 Tauc plot of films V – X. 
 































 Preliminary EQE measurements 
The quantum efficiency of an absorber material/solar cell is a measure of the efficiency 
of the conversion of incident light into electrical energy. The external quantum efficiency 
(EQE), defined as the ratio between the number of charge carriers generated and the 
number of all incident photons on the material, can be determined from the spectral 
response of the material.46 The photocurrent is, thus, assessed by illuminating the sample 
with a monochromatic light and recording the number of carriers generated by the 
material and then comparing this spectrum to the photocurrent spectrum of the calibrated 
reference photodetector. 
Preliminary experiments were carried out to determine the photocurrent of the 
as-deposited SnS when illuminated under a range of wavelengths. To carry out this 
analysis further films were deposited onto a conducting molybdenum-coated substrate. 
The results shown in Figure 4.39 display the typical shape that would be expected from 
an absorber material. At energies below the band gap no light is absorbed so no carriers 
will be produced (ca. > 900 nm). The production of charge carriers remains constant in 
the visible light region (500 – 800 nm) whereas the decrease in the UV region < 500 nm 
could be due to the increased recombination of carriers at the surface. The current for the 
films is extremely small, however, and the resultant EQE value (Figure 4.40) of ca. 0.03 
is a factor of a 100 smaller than those values reported previously in the literature for films 
deposited by AACVD.35 These deposited films would not make good absorber materials 
but the preliminary results do show that they produce a current when illuminated by light. 
Further work is required, therefore, to optimise the deposition process would be needed 
to improve the efficiency. 
 

























Figure 4.40 EQE spectra of films AA and BB. 
 Conclusion 
This chapter reports that a simple isoelectronic replacement of the amidate ligand by a 
thioamidate ligand allows the synthesis of homoleptic tin(II) thioamidates. The 
decomposition of each complex was studied by TGA and NMR studies demonstrating 
that the two compounds decompose at temperatures ca. 200 - 250 °C by the elimination 
of an alkene followed by a nitrile to give SnS in a mechanism reminiscent of that 
described in Chapters 2 and 3 for the formation of ZrO2 and ZnO from the metal amidate 
precursors.  
Both compounds were carried forward into deposition studies. AACVD experiments 
were carried out and films were successfully deposited in the temperature range 
200 – 300 °C for compound 17 and 250 – 400 °C for compound 18. pXRD analysis shows 
that the films indexed to orthorhombic Herzenbergite SnS, except for the amorphous 
films Y and V and film Z which was indexed to α-SnS. Raman spectroscopy confirmed 
the formation of SnS, while XPS analysis showed that SnS films have been deposited 
with ca. 2 – 5 at% of carbon in the bulk of the film. No annealing steps were carried out.  
UV/Vis spectroscopy was carried out on the deposited films. The films had a transparency 
of up to 30% in the visible portion of the spectrum allowing the estimation of band gaps 
between 1.1 – 1.4 eV, which are similar to values reported for SnS in the literature. 





















indicated the films did not match the performance of previous films in the literature and 
further work would be needed to optimise the deposition process to improve the efficiency 
of these films as absorber materials. 
The low deposition temperature needed to deposit SnS from these tin(II) thioamidate 
precursor occurs is unprecedented in the literature. Further ligand design and deposition 
studies could allow the deposition of SnS at even lower temperatures (ca. 100°C). This 
would allow the use of flexible substrates which would be damaged by high temperatures 
and help move towards flexible PV devices.  
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Chapter 2 discussed the synthesis of zirconium amidates and their use as single source 
AACVD precursors to deposit ZrO2. ZrO2 can be stabilised by adding elements such as 
yttrium and cerium and these materials can be used as solid electrolytes in fuel cells.1-4 
Future work in this area would be to synthesise yttrium and cerium amidates and carry 
out deposition studies to determine whether a solution of zirconium and yttrium or cerium 
amidates could produce the corresponding metal oxide thin films. ZrO2 is also known to 
be used as a gate dielectric material, HfO2 has similar properties and thus, further work 
in this section would be to synthesise hafnium amidates and assess their decomposition 
properties. Preliminary work in this area has produced the hafnium amidate structure 
shown in Figure 5.1. Isoelectronic hafnium carbamates and ureates have been used by 
Pothiraja et al. to deposit HfO2.
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Figure 5.1 Solid state structure of tetrakis(amidato) Hf(IV) compound with 50% probability ellipsoids. Hydrogen 
atoms have been omitted for clarity. 
 
Chapter 3 focussed on the synthesis of zinc and aluminium precursors and deposition 
studies to obtain conducting Al-doped ZnO, however, the resistance value of the obtained 
films was very high (> 0.8 MΩ). Further work on this section would be to carry out 
deposition experiments with a wider range of different concentrations or ratios of Zn:Al 
and deposition times to find the optimal conditions to improve the electrical properties of 
the un-doped and doped ZnO. Many literature reports have discussed that the addition of 
air as a carrier gas can improve the electrical properties, therefore, carrying out the 
deposition process with the addition of air could improve the properties of the obtained 




can lower the resistivity of the films. This is thought to be due to the production of oxygen 
vacancies and the removal of adsorbed oxygen at the grain boundaries.6-8 
Extending this research from ZnO deposition, further metal amidates can be synthesised 
and their viability to act as AACVD precursors can be analysed. One such example 
includes the synthesis of tin(II) amidates to deposit SnO. SnO is reported to be a p-type 
semiconductor and previous work within the group has demonstrated the ability of a 
bis(ureide)tin(II) to deposit SnO at low temperatures.9 The ureide ligand can be replaced 
by the isoelectronic amidate ligand. Preliminary work in this area has obtained the 
compound displayed in Figure 5.2. This compound has a similar structure to 
compound 11 (Figure 3.15, Chapter 3), however, due to the disorder in this crystal, future 
work needs to be carried out to recollect the data. Similar compounds with different R 
groups could also be synthesised and their thermal decomposition profile can be assessed. 
Viable precursors could then be used in AACVD experiments to determine whether SnO 
can be obtained at low temperatures (< 350 °C). 
 
Figure 5.2 Solid state structure of Sn(II) thioamidate compound with 50 % probability ellipsoids. Hydrogen atoms 
have been omitted for clarity. 
 
Chapter 4 demonstrates the ability of Sn(II) thioamidates to act as single source precursors 
for the deposition of SnS using AACVD. Preliminary experiments were carried out to 
obtain EQE values for these films deposited onto molybdenum substrates, however, the 
values were very low and not comparable to values in the literature. Further work needs 
to be carried out to optimise the deposition conditions to provide better EQE. As well as 




Zinc Tin Sulfide/Selenide (CZT(S/Se)). Preliminary experiments have been carried out 
to synthesise bis(thioamidato) Sn(IV) sulfide/selenide (Figure 5.3 and 5.4), further work 
would scale up the synthesis and determine whether these precursor could be used in the 
deposition of a SnS/Se film system. The work can then be expanded to synthesise copper 
and zinc thioamidates and assess their viability as single source AACVD precursors. If 
viable precursors are found then these could be used to obtain a solution containing 
copper, zinc and tin thioamidates to directly deposit CZTS materials. Collaboration with 
a photovoltaic team could then allow device fabrication with the obtained absorber 
materials to provide a working PV cells.  
 
Figure 5.3 Solid state structure of bis(thioamidato) Sn(IV) sulfide compound with 50% probability ellipsoids. 
Hydrogen atoms have been omitted for clarity. 
 
Figure 5.4 Solid state structure of bis(thioamidato) Sn(IV) selenide compound with 50% probability ellipsoids. 




Another use of these thioamidate ligands could be to deposit monolayer transition metal 
chalcogenide materials. ZrS2 and HfS2 have similar properties to graphene and could be 
used in a new generation of transistors, photo emitting devices, hydrogen storage, and 
spintronics.10, 11 Nevertheless there have been very few reports on the deposition of these 
materials. Preliminary work has used the thioamide ligand to synthesise a zirconium 
thioamidate (Figure 5.5). Further work in this area would, thus, aim to scale up the 
synthesis of this compound, analyse its thermal decomposition and carry out deposition 
studies to determine whether ZrS2 thin films can be obtained. 
 
Figure 5.5 Solid state structure of tetrakis(thioamidato) Zr(IV) compound with 50% probability ellipsoids. Hydrogen 
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 General procedures 
All air and moisture sensitive manipulations were carried out using Standard Schlenk line 
and glovebox techniques under an inert atmosphere of argon. NMR spectra were recorded 
on a Bruker AV300 spectrometer operating at 300.2 MHz (1H), 75.5 MHz (13C) or 
111.9 MHz (119Sn), a Bruker AV-400 spectrometer or Agilent ProPlus 500 MHz 
operating at 500.06 MHz (1H) or 127.5 MHz (13C). The spectra were referenced relative 
to residual solvent resonances. Solvents (Toluene, THF, hexane) were dried by passage 
through a commercially available (Innovative Technologies) solvent purification system, 
under nitrogen and stored in ampoules over molecular sieves. C6D6 and d8-toluene were 
purchased from Fluorochem Ltd. and Sigma Aldrich and dried over molten potassium 
before distilling under argon and storing over molecular sieves.  
TGA data was obtained using a Perkin Elmer TGA 4000 Thermogravimetric Analyzer, 
analyses were performed air sensitively using samples sealed in crimped aluminium 
sample pans. Data points were collected every second at a ramp rate of 5˚C min-1 in a 
flowing 40 mL min-1 N2 stream. Elemental analyses were performed externally by 
London Metropolitan University Elemental Analysis Service, UK. 
 Synthesis of Ligands L1 – L7  
Amide pro-ligands were prepared according to literature procedure as follows; amine and 
triethylamine were dissolved in diethylether and stirred at room temperature for 
30 minutes. Acyl chloride was then added dropwise to the amine solution, a white 
precipitate formed which was removed by filtration. The solvent was removed in vacuo 







 Preparation of N-(tert-butyl)pivalamide (L1) 
Scale: tert-butylamine (4.65 ml, 44.40 mmol), triethylamine (6.17 ml, 44.40 mmol) and 
trimethylacyl chloride (5.21 ml, 42.30 mmol) Yield: White solid, no further purification 
needed (6.64 g, 76%). 1H NMR (C6D6, 300 MHz, 294.4 K) δ (ppm): 5.09 (bs, 1H, NH), 
1.26 (s, 9H, C(CH3)3), 1.05 (s, 9H, C(CH3)3). 
13C{1H} NMR (C6D6, 75 MHz, 294.5 K) 
δ (ppm): 176.8 (CO), 50.4 (C(CH3)3), 39.0 (C(CH3)3), 28.8 (C(CH3)3), 27.8 (C(CH3)3). 
HRMS (ESI) Calculated for C9H19NO expected m/z 157.15 found [M+H] 158.1544 
[M+Na] 180.1368 
 Preparation of N-(tert-butyl)isobutyramide (L2) 
Scale: tert-butylamine (5.22 ml, 49.35 mmol), triethylamine (6.87 ml, 49.35 mmol) and 
iso-butyryl chloride (4.92 ml, 47.00 mmol) Yield: White solid, no further purification 
needed (5.37 g, 80%). 1H NMR (C6D6, 300 MHz, 294.4 K) δ (ppm): 5.02 (bs, NH, 1H), 
1.90 (hep, 3JHH = 6.9 Hz, 1H, CH(CH3)2) 1.26 (s, 9H, C(CH3)3), 1.06 (d, 
3JHH = 6.8 Hz, 
6H, CH(CH3)). 
13C{1H} NMR (C6D6, 75 MHz, 294.5 K) δ (ppm): 175.8 (CO), 50.5 
(C(CH3)3), 36.2 (CH(CH3)2), 28.9 (C(CH3)3), 20.0 (CH(CH3)2). HRMS (ESI) Calculated 
for C8H17NO expected m/z 143 found [M+Na] 166.1202 
 Preparation of N-(tert-butyl)propionamide (L3) 
Scale: tert-butylamine (5.67 ml, 54.00 mmol), triethylamine (7.51 ml, 54.00 mmol) and 
propionyl chloride (4.72 ml, 54.00 mmol) Yield: White solid, no further purification 
needed (5.41 g, 78%). 1H NMR (CDCl3, 300 MHz, 294.4 K) δ (ppm): 5.00 (bs, 1H, NH), 
1.78 (q, 3JHH = 7.6 Hz, 2H, CH2CH3), 1.25 (s, 9H, C(CH3)3), 1.05 (t, 
3JHH = 7.6 Hz, 3H, 
CH2CH3). 
13C{1H} NMR (CDCl3, 75 MHz, 294.5 K) δ (ppm): 172.3 (CO), 50.55 
(C(CH3)3), 30.3 (CH2(CH3), 28.9 (C(CH3)3), 10.20 (CH2(CH3).  
 Preparation of N-(tert-butyl)acetamide (L4) 
Scale: tert-butylamine (7.05 ml, 67.20 mmol), triethylamine (9.35 ml, 67.20 mmol) and 
acetyl chloride (4.56 ml, 64.00 mmol) Yield: White solid, no further purification needed 
(6.06 g, 82%). 1H NMR (C6D6, 300 MHz, 294.4 K) δ (ppm): 5.34 (bs, 1H, NH), 1.61 (s, 
3H, CH3), 1.25 (s, 9H, C(CH3)3). 
13C{1H} NMR (C6D6, 75 MHz, 294.5 K) δ (ppm): 168.9 





 Preparation of N-(iso-propyl)pivalamide (L5) 
Scale: iso-propylamine (3.77 ml, 43.95 mmol), triethylamine (6.12 ml, 46.95 mmol) and 
trimethylacetyl chloride (5.16 ml, 41.90 mol) Yield: White solid, no further purification 
needed (4.78 g, 80%). 1H NMR (CDCl3, 300 MHz, 294.4 K) δ (ppm): 5.41 (bs, 1H, NH) 
4.05 (hep, 3JHH = 6.6 Hz, 1H, (CH(CH3)2), 1.14 (s, (C(CH3)3, 9H), 1.10 (d, 
3JHH = 6.6 Hz, 
6H, (CH(CH3)2). 
13C{1H} NMR (CDCl3, 75 MHz, 294.5 K) δ (ppm): 177.6 (CO), 41.2 
(CH(CH3)2), 38.6 (C(CH3)3), 27.7 (C(CH3)3), 22.7 (CH(CH3)2). HRMS (ESI) Calculated 
for C8H17NO expected m/z 143.13 found [M+H] 144.1401 [M+Na] 166.1219. 
 Preparation of N-(iso-propyl)isobutyramide (L6) 
Scale: iso-propylamine (4.00 ml, 47.00 mmol), triethylamine (6.54 ml, 47.00 mmol) and 
iso-butyryl chloride (4.92 ml, 47.00 mol) Yield: White solid, no further purification 
needed (4.94 g, 82%). 1H NMR (C6D6, 300 MHz, 294.4 K) δ (ppm): 5.20 (bs, 1H, NH), 
4.05 (hep, 3JHH = 6.7 Hz, 1H, CH(CH3)2) 2.00 (hep, 
3JHH = 6.9 Hz, 1H, CH(CH3)2), 1.09 
(d, 3JHH = 6.8 Hz, 6H, CH(CH3)2), 1.14 (d, 
3JHH = 6.6 Hz, 6H, CH(CH3)2). 
13C{1H} NMR 
(C6D6, 75 MHz, 294.5 K) δ (ppm): 175.4 (CO), 41.00 (CH(CH3)2), 35.6 (CH(CH3)2), 22.7 
(C(CH3)3), 20.00 (CH(CH3)2). HRMS (ESI) Calculated for C7H15NO expected m/z 
129.12 found [M+Na] 186.2214. 
 Preparation of N-(2-methoxyethyl)pivalamide (L7) 
Scale: 2-methoxyethylamine (2.95 ml, 34.00 mmol), triethylamine (2.76 ml, 34.00 mmol) 
and trimethylacyl chloride (4.01 ml, 32.60 mmol) Yield: Deep purple oil obtained, which 
was purified by kugelrohr distillation to provide a clear oil (3.17g, 61%). 1H NMR 
(d8-THF, 300 MHz, 294.4 K) δ (ppm): 5.98 (bs, 1H, NH), 3.39 (q, 3JHH = 5.5 Hz, 2H, 
N(CH2CH2O), 3.13 (q, 
3JHH = 5.1 Hz, 2H, N(CH2CH2O), 2.99 (s, 3H, (OCH3),), 1.08 (s, 
9H, C(CH3)3). 
13C{1H} NMR (CDCl3, 75 MHz, 294.5 K) δ (ppm): 177.6 (CO), 71.6 
(NHCH2CH2O), 58.4 (NHCH2CH2O), 39.6 (C(CH3)3), 38.6 (OCH3), 27.37 (C(CH3)3). 
HRMS (ESI) Calculated for C8H17NO2 expected m/z 159.13 found [M+Na] 182.1254 
 Synthesis of Ligands L8 – L9 
The thioamide pro-ligands were prepared by stirring the amide pro-ligands (1 eq) and 
commercially available Lawesson’s reagent (0.5 eq) together at 60 °C in toluene for 
18 hours. Excess Lawesson’s reagent was filtered off and the solvent was removed 




(elution with hexane/ethyl acetate). 
 Preparation of N-(tert-butyl)-2-methylpropanthioamide (L8) 
Scale: N-(tert-butyl)isobutyramide (2.00 g, 14.00 mmol) and Lawesson’s reagent (2.83 
g, 6.99 mmol). Cream solid, further purification carried out using a silica column with 
hexane:ethyl acetate solvent system at a ratio of 5:1 (1.15g, 52%). 1H NMR (C6D6, 
300 MHz, 292.4 K) δ (ppm): 6.96 (bs, 1H, NH), 2.67 (hep, 3JHH =  6.7 Hz, 1H, 
CH(CH3)2), 1.55 (s, 9H, (C(CH3)3), 1.22 (d, 
3JHH =  6.7 Hz, 6H, (CH(CH3)2). 
13C{1H} 
NMR (C6D6, 75 MHz, 292.4 K) δ (ppm): 210.2 (CS), 55.4 (C(CH3)3), 46.8 (CH(CH3)2)), 
27.9 (C(CH3)3),  22.9 (CH(CH3)2).  
 Preparation of N-(iso-propyl)-2-methylpropanethioamide (L9) 
N-(iso-propyl)isobutyramide (9.46 g, 66.10 mmol) and Lawesson’s reagent (13.37 g, 
33.10 mmol).  Cream oil, further purification carried out using a silica column with 
hexane:ethyl acetate solvent system at a ratio of 5:1 (9.27g, 88%). 1H NMR (C6D6, 
300 MHz, 292.0 K) δ (ppm): 7.60 (bs, 1H, NH,) 4.53 (hep, 3JHH =  6.59, 1H, (CH(CH3)2), 
2.68 (hep, 3JHH =  6.78 Hz,  1H, CH(CH3)2), 1.11 (d, 6H, CH(CH3)2), 1.06 (d, 
3JHH =  6.78 
Hz, 1H, CH(CH3)2). 
13C{1H} NMR (C6D6, 75 MHz, 293.0 K) δ (ppm): 209.2 (CS), 46.5 
(CH(CH3)2), 43.6 (CH(CH3)2), 22.1 (CH(CH3)2), 20.7 (CH(CH3)2). 
 Experimental for Chapter 2 
A solution of tetrakis(dimethylamido)zirconium in toluene was added dropwise to a 
solution of amide pro-ligand at -78 °C. The reaction mixture was heated at 60 °C for 18 
hours. The solvent and volatile by-product were removed in vacuo and the product was 
obtained as a solid.  
 Tris(N-(tert-butyl)pivalamidato)dimethylamidozirconium (1) 
N-(tert-butyl)pivalamide (L1) (1 g, 6.37 mmol) and [Zr(NMe2)4] (0.57 g, 2.12 mmol) in 
toluene. White solid (0.58 g, 45%). 1H NMR (d8-tol, 300 MHz, 294.4 K) δ (ppm): 3.06 
(s, 6H, N(CH3)2), 1.56 (s, 9H, C(CH3)3), 1.46 (s, 9H, C(CH3)3), 1.29 (s, 18H, C(CH3)3), 
1.24 (s, 18H, C(CH3)3).  
13C{1H} NMR (d8-tol, 75 MHz, 294.5 K) δ (ppm): 165.3 (CN), 
52.4 (C(CH3)3), 51.7 (C(CH3)3), 40.8 (N(CH3)2), 40.3 (NC(CH3)3), 39.7 (NC(CH3)3), 32.5 




(found) for C29H60N4O3Zr: C, 57.66 (57.50); H, 10.01 (10.25); N, 9.28 (9.14) Melting 
point: 155 – 158 °C. 
 Tetrakis(N-(tert-butyl)isobutyramidato)zirconium (2) 
N-(tert-butyl)isobutyramide (L2) (2.80 g, 10.49 mmol) and [Zr(NMe2)4] (6 g, 
41.96 mmol) in toluene. Light yellow/white solid (6.65 g, 96%). 1H NMR (d8-tol, 300 
MHz, 294.4 K) δ (ppm): 2.78 (hep, 3JHH = 6.6 Hz, 4H, CH), 1.42 (s, 36H, C(CH3)3), 1.23 
(d, 3JHH = 6.6 Hz, 24H, CH(CH3)2). 
13C{1H} NMR (d8-tol, 75 MHz, 294.5 K) δ (ppm): 
189.4 (CO), 52.2 (C(CH3)3), 32.7 (CH(CH3)2), 31.7 (C(CH3)3), 20.0 (CH(CH3)2). 
Elemental analysis: calculated (found) for C32H64N4O4Zr: C, 58.23 (57.63); H, 9.77 
(10.39); N, 8.49 (8.31). Melting point: Did not melt up to the decomposition temperature 
 Tetrakis(N-(tert-butyl)propionamidato)zirconium (3) 
N-(tert-butyl)propionamide (0.9678 g, 7.49 mmol) and [Zr(NMe2)4] (0.5 g, 1.87 mmol) 
in toluene. Light yellow/white solid (1.01 g, 89%). 1H NMR (C6D6, 300 MHz, 294.4 K) 
δ (ppm): 2.27 (q, 3JHH = 7.5 Hz, 8H, CH2CH3), 1.38 (s, 36H, C(CH3)3), 1.21 (t, 
3JHH = 7.54 Hz, 12H, CH2CH3). 
13C{1H} NMR (C6D6, 75M Hz, 294.5 K) δ (ppm): 186.0 
(CO), 52.6 (CCH3), 32.0 (CCH3), 28.6 (CH2CH3), 10.5 (CH2CH3). Elemental analysis: 
calculated (found) for C28H56N4O4Zr: C, 55.68 (55.29); H, 9.35 (10.02); N, 9.28 (9.18). 
Melting point: Did not melt up to the decomposition temperature 
 Tetrakis(N-(tert-butyl)acetamidato)zirconium (4) 
N-(tert-butyl)acetamide (0.87 g, 7.52 mmol) and [Zr(NMe2)4] (0.50 g, 1.88 mmol) in 
toluene. White product (0.78 g, 76%). 1H NMR (C6D6, 300 MHz, 294.4 K) δ (ppm): 1.90 
(s, 12H, CH3), 1.35 (s, 36H, C(CH3)3). 
13C{1H} NMR (C6D6, 75 MHz, 294.5 K) δ (ppm): 
182.5 (CO), 52.6 (C(CH3)3), 31.6 (CH3), 22.7 (C(CH3)3). Elemental analysis: calculated 
(found) for C24H48N4O4Zr: C, 52.61(52.59); H, 8.83(8.96); N, 10.23(10.18). Melting 
point: Did not melt up to the decomposition temperature 
 Tetrakis(N-(iso-propyl)pivalamidato)zirconium (5) 
N-(iso-propyl)pivalamide (0.20 g, 1.41 mmol) and [Zr(NMe2)4] (0.09 g, 0.35 mmol) in 
toluene. White product (0.07 g, 31%). 1H NMR (C6D6, 300 MHz, 294.4 K) δ (ppm): 4.00 
(hep, 3JHH = 6.22 Hz, 4H, CH(CH3)2), 1.37 (d, 
3JHH = 6.22 Hz, 24H, CH(CH3)2), 1.21 (s, 
24H, C(CH3)3). 
13C{1H} NMR (C6D6, 75MHz, 294.5K) δ (ppm): 184.5 (CO), 41.4 




calculated (found) for C32H64N4O4Zr: C, 58.23 (56.10); H, 9.77 (10.28); N, 8.49 (8.10). 
Melting point: Did not melt up to the decomposition temperature 
 Tetrakis(N-(iso-propyl)isobutyramidato)zirconium (6) 
N-(iso-propyl)isobutyramide (1.92 g, 14.88 mmol) and [Zr(NMe2)4] (0.98 g, 3.72 mmol) 
in toluene. Pale yellow solid (2.14 g, 95%). 1H NMR (C6D6, 300 MHz, 294.4 K) δ (ppm): 
3.56 (hep, 3JHH = 6.4 Hz, 4H, CH(CH3)2), 2.60 (hep, 
3JHH = 6.78 Hz, 4H, CH(CH3)2), 1.33 
(d, 3JHH = 6.4 Hz, 24H, CH(CH3)2), 1.14 (d, 
3JHH = 6.8 Hz, 24H, CH(CH3)2). 
13C{1H} 
NMR (C6D6, 75 MHz, 294.5 K) δ (ppm): 188.7 (CO), 48.1 (CH(CH3)2), 29.0 (CH(CH3)2), 
25.0 (CH(CH3)2), 19.7 (CH(CH3)2). Elemental analysis: calculated (found) for 
C28H56N4O4Zr: C, 55.68 (55.60); H, 9.35 (9.43); N, 9.28 (9.21). Melting point: Did not 
melt up to the decomposition temperature 
 Experimental for Chapter 3 
Zinc amidates 
A solution of Et2Zn or Zn{N(SiMe3)2}2 (stated for each individual compound) was added 
dropwise to a solution of the amide pro-ligand. The solution was then stirred for the 
duration and temperature stated for each individual compound. The solvent was then 
removed in vacuo and the product purified by recrystallisation from toluene/hexane. 
 (N-(iso-propyl)pivalamidato)ethyl zinc (7)  
N-iso-propylpivalamide L5 (0.50 g, 3.5 mmol) and diethylzinc (3.5 ml, 3.5 mmol, 1M) 
were stirred for 1 hour at room temperature in toluene. Clear, colourless crystals were 
obtained from recrystallisation in THF (1.52 g, 53%). 1H NMR (d8-Tol, 300 MHz, 
294.4 K) δ (ppm): 4.12-3.90 (m, 4H, CH(CH3)2), 1.29 (s, 9H, C(CH3)3) 1.20 (s, 9H, 
C(CH3)3) 1.11 (d, 6H, CH(CH3)2). 
13C{1H} NMR (d8-Tol, 75MHz, 294.5K) δ (ppm): 
72.98 (CO), 31.93 (C(CH3)3), 13.14 (CH2(CH3)2), 5.30 (CH3). Elemental analysis: 
Calculated (found) for C38H74N4O4Zn3: C 52.48(50.73); H 8.99(9.26); N 6.80(6.60) 
  (N-(2-methoxyethyl)pivalamidato)ethyl zinc (8) 
A solution of 2-methoxyethylpivalamide (0.5 g, 3.5 mmol) in toluene was added dropwise 
to a solution of Et2Zn (3.5 ml, 1M). Solution was stirred at room temp and solvent was 
reduced in vacuo to induce crystallisation and white precipitate was collected by filtration. 




(s, O(CH3), 3H), 1.22 (s, 9H, C(CH3)3), 1.15 (t, 
3JHH = 8.0 Hz, 3H, CH2CH3) 0.12 (q, 
3JHH 
= 8.1 Hz, 2H, CH2CH3). 
13C{1H} NMR (d8-THF, 75MHz, 294.5K) δ (ppm): 182.9 (CO), 
74.2 (CH2), 59.6 (OCH3), 46.3 (CH2), 39.8 (C(CH3)3), 30.0 (C(CH3)3), 13.4 (CH2CH3), 
0.9 (CH2CH3). Elemental analysis: Calculated (found) for C10H21NO2Zn: C 47.54 
(47.32); H 8.38 (8.41); N 5.54 (5.49). 
 bis(N-(tert-butyl)pivalamidato)zinc (9) 
N-(tert-butyl)pivalamide (L1) (32.5 mg, 0.21 mmol) and [Zn{N(SiMe3)2}2] (0.04 g, 
0.10 mmol) in toluene. The solvent was removed in vacuo to obtain a white solid. 1H 
NMR (d8-tol, 500 MHz, 294.4 K) δ (ppm): 5.21 (bs, 1H, NH), 1.24 (s, 9H, C(CH3)3), 1.04 
(s, 9H, C(CH3)3), 0.20 (s, 18H, Si(CH3)3).  
OR 
N-(tert-butyl)pivalamide (L1) (0.41 g, 54.8 mmol) and Et2Zn (5.75 ml, 51.7 mmol) in 
toluene. The solvent was removed in vacuo to obtain white solid. 1H NMR (d8-tol, 
500 MHz, 294.4 K) δ (ppm): 5.03 (bs, 1H, NH), 1.25 (s, 9H, C(CH3)3), 1.04 (s, 9H, 
C(CH3)3).  
 bis(N-(tert-butyl)isobutyramidato)zinc (10) 
N-(tert-butyl)isobutyramide (L2) (0.37 g, 2.59 mmol) and [Zn{N(SiMe3)2}2] (0.5 g, 
1.29 mmol) in toluene. Crystalline white solid (0.23 g, 50%). 1H NMR (d8-tol, 500 MHz, 
294.4 K) δ (ppm): 2.80 (hep, 3JHH = 6.6 Hz, 1H, CH(CH3)2), 1.30 (s, 9H, C(CH3)3), 1.24 
(d, 3JHH = 6.0 Hz, 6H, CH(CH3)2). 
13C{1H} NMR (d8-tol, 127 MHz, 294.5 K) δ (ppm): 
184.4 (CO), 50.8 (C(CH3)3), 32.4 (CH(CH3)2 + C(CH3)3), 20.4 (CH(CH3)2). Elemental 
analysis: Calculated (found) for C32H64N4O4Zn2: C 54.94 (53.33); H 9.22 (9.60); N 8.01 
(7.61).  
 bis(N-(iso-propyl)pivalamidato)zinc (11) 
N-(iso-propyl)pivalamide (L5) (3.62 g, 25.3 mmol) and [Zn{N(SiMe3)2}2] (4.88 g, 12.6 
mmol) in toluene. Solution was stirred at room temp and solvent was reduced in vacuo to 
induce crystallisation and white precipitate was collected by filtration (3.51 g, 80%). 
1H NMR (d8-tol, 500 MHz, 294.4 K) δ (ppm): 3.96 (hep, 3JHH = 6.22 Hz, 1H, CH(CH3)2), 
1.31 (s, 9H, C(CH3)3), 1.12 (d, 
3JHH = 6.22 Hz, 6H, CH(CH3)2). 
13C{1H} NMR (C6D6, 
127 MHz, 294.5 K) δ (ppm): 182.2 (CO), 46.4 (C(CH3)3), 38.8 (CH(CH3)2), 
28.5 (C(CH3)3), 25.1 (CH(CH3)2). Elemental analysis: Calculated (found) for 




 bis(N-(iso-propyl)isobutyramidato)zinc (12) 
N-(iso-propyl)isobutyramide (L6) (0.57 g, 4.4 mmol) and [Zn{N(SiMe3)2}2] (0.84 g, 
2.2 mmol) in toluene. Crystalline white solid (0.41 g, 26%). 1H NMR (C6D6, 500 MHz, 
294.4 K) δ (ppm): 3.59 (hep, 3JHH = 6.5 Hz, 1H, CH(CH3)2), 3.47 (hep, 3JHH = 6.2 Hz, 
1H, CH(CH3)2) 2.72 (hep, 
3JHH = 6.8 Hz, 1H, CH(CH3)2) 2.59 (hep, 
3JHH = 6.8 Hz, 1H, 
CH(CH3)2) 1.29 (d, 
3JHH = 6.1 Hz, 6H, CH(CH3)2), 1.19 (d, 
3JHH = 6.7 Hz, 12H, 
CH(CH3)2), 1.12 (d, 
3JHH = 6.3 Hz, 6H, CH(CH3)2). 
13C{1H} NMR (C6D6, 127 MHz, 
294.5 K) δ (ppm): 182.6 (CO), 46.6 (CH(CH3)2), 28.9 (CH(CH3)2), 25.2 (CH(CH3)2), 
19.9 (CH(CH3)2). Elemental analysis: Calculated (found) for C28H56N4O4Zn2: C 52.26 
(52.13); H 8.77 (8.83); N 8.71 (8.63). 
Aluminium amidates 
A solution of AlMe3 (2M in toluene) was added dropwise to a solution of the amide 
pro-ligand. The solution was then stirred for the duration and temperature stated for each 
individual compound.  
 (N-(tert-butyl)pivalamide)trimethyl aluminium (13) 
N-(tert-butyl)pivalamide (L1) (0.50 g, 3.2 mmol) and trimethyl aluminium (1.7 ml, 3.2 
mmol, 2M) were stirred for 1 hour at room temperature in toluene. Yield: Clear, 
colourless crystals were obtained by removal of solvent in vacuo (0.56 g, 77%). 1H NMR 
(d8-Tol, 300MHz, 294.4K) δ (ppm): 5.89 (bs, 1H, NH), 1.22 (s, 9H, (C(CH3)3), 
1.04 (s, 9H, (C(CH3)3), -0.18 (s, 9H, Al(CH3)3). 
13C{1H} NMR (d8-Tol, 75MHz, 294.5K) 
δ (ppm): 180.5 (CO) 53.2 (C(CH3)3) 39.4 (C(CH3)3) 27.8 (C(CH3)3) 26.5 (C(CH3)3) -5.5 
(Al(CH3)3) Elemental analysis: Calculated (found) for C12H28NOAl: C 62.83 (62.40); H 
12.22 (12.85); N 6.11 (5.88). 
 (N-(tert-butyl)isobutyramidato)dimethyl aluminium (14) 
N-(tert-butyl)isobutyramide (L2) (0.49 g, 3.4 mmol) and trimethyl aluminium (1.9 ml, 
3.8 mmol, 2M) were stirred for 1 hour at room temperature in toluene. Yield: Clear, 
colourless crystals were obtained by recrystallisation in hexane (0.60 g, 87%). 1H NMR 
(d8-Tol, 500 MHz, 294.4K) δ (ppm): 2.53 (hep, 3JHH =  6.80 Hz, 1H, (CH(CH3)2), 
1.08 (s, 9H, (C(CH3)3), 1.07 (d, 
3JHH =  6.80,  6H, (CH(CH3)2), -0.37 (s, 6H, Al(CH3)2). 
13C{1H} NMR (d8-Tol, 127 MHz, 294.5K) δ (ppm): 179.8 (CO), 51.1 (C(CH3)3), 31.3 
(CH(CH3)2), 30.4 (C(CH3)3), 18.97 (CH(CH3)2), -7.8 (Al(CH3)2). Elemental analysis: 




  (N-(iso-propyl)pivalamidato)dimethyl aluminium (15) 
N-(iso-propyl)pivalamide (L5) (0.29 g, 2.05 mmol) and trimethylaluminium (1.54 ml, 
2 M) were stirred for 18 hour at room temperature in toluene. Clear, colourless crystals 
were obtained by recrystallisation in hexane. (0.15 g, 49%). 1H NMR (C6D6, 500MHz, 
294.4K) δ (ppm): 3.80 (hep, 3JHH = 6.97 Hz, 1H, CH(CH3)2), 1.08 (s,  9H, C(CH3)3), 1.02 
(m, 9H, CH(CH3),  - 0.37 (s, 6H, Al(CH3)2). 
13C{1H} NMR (C6D6, 75MHz, 294.5K) 
δ (ppm): 182.7 (CO), 47.5 (C(CH3)3), 46.7 (CH(CH3)2), 27.8 (C(CH3)2), 27.7 
(CH(CH3)2), 22.8 (CH(CH3)2), - 6.8 (Al(CH3)). 
 (N-(iso-propyl)isobutyramidato)dimethylaluminium (16) 
N-(iso-propyl)isobutyramide (L6) (2.58 g, 0.02 mol) and trimethylaluminium (12.00 ml, 
2 M) were stirred for 1 hour at room temperature in toluene. The solvent was reduced to 
induce crystallisation and clear, colourless crystals were collected by filtration (2.59 g, 
80%). 1H NMR (C6D6, 300MHz, 294.4K) δ (ppm): 3.46 (hep, 3JHH = 6.97 Hz, 1H, 
CH(CH3)2), 2.48 (hep, 
3JHH = 6.78 Hz, 1H, CH(CH3)2), 1.12 (d, 
3JHH = 6.78 Hz, 6H, 
CH(CH3)2), 0.98 (d, 
3JHH = 6.78 Hz, 6H, CH(CH3)2), -0.26 (s, 6H, Al(CH3)2). 
13C{1H} 
NMR (C6D6, 75MHz, 294.5K) δ (ppm): 182.7 (CO), 48.5 (CH(CH3)2), 31.5 (C(CH3)3), 
23.0 (C(CH3)3), 19.8 (CH(CH3)2), -6.0 (Al(CH3)2). Elemental analysis: Calculated 
(found) for C18H40N2O2Al2: C 58.35 (58.44); H 10.88 (10.91); N 7.56 (7.39). 
 Experimental for Chapter 4 
[Sn{N(SiMe)3)2}2] was prepared according to literature procedures.
1 A solution of 
[Sn{N(SiMe)3)2}2] (1 eq) was added dropwise into a cooled solution of the thioamide 
ligand (2 eq). The solution was stirred at a temperature and duration stated below for each 
compound. The solvent was removed in vacuo to afford the final product which was 





 bis[N-(tert-butyl)-2-methylpropanthioamidato]tin(II) (17) 
N-(tert-butyl)-2-methylpropanthioamide (L8) (1.84 g, 11.50 mmol) and 
[Sn{N(SiMe3)2}2] (2.52 g, 5.75 mmol) were stirred at room temperature for 1 hour. Peach 
solid, no further purification required (2.40 g, 96%). Recrystallization was carried out in 
toluene. 1H NMR (C6D6, 300 MHz, 292.1 K) δ (ppm): 2.78 (hep, 3JHH = 6.59 Hz, 2H, 
CH(CH3)2), 1.16 (s, 18H, C(CH3)3,), 1.12 (d, 
3JHH = 6.50 Hz, 6H, CH(CH3)2). 
13C{1H} 
NMR (C6D6, 75 MHz, 292.1 K) δ (ppm): 195.1 (CS), 56.5 (C(CH3)3), 38.0 (CH(CH3)2), 
30.0 (CH(CH3)3), 22.1 (CH(CH3)2). 
119Sn NMR{1H} (C6D6, 112MHz, 292.1K) δ (ppm): 
318.4. Elemental analysis: Calculated (found) for C16H32N2S2Sn: C 44.15 (43.87); H 
7.41 (7.28); N 6.44 (6.28)%. 
 
 bis[N-(iso-propyl)-2-methylpropanethioamidato]tin(II) (18) 
N-(iso-propyl)-2-methylpropanethioamide (L9) (1.77 g, 24.5 mmol) and 
[Sn{N(SiMe3)2}2] (2.68 g, 12.25 mmol) were heated at 60 ºC overnight. Orange oil, no 
further purification required (0.91 g, 36%). 1H NMR (C6D6, 300 MHz, 291.9 K) δ (ppm): 
3.58 (hep, 3JHH = 6.50 Hz, 2H, CH(CH3)2), 2.60 (hep, 
3JHH = 6.60 Hz, 2H, CH(CH3)2), 
1.07 (d, 3JHH = 6.70, 12H, CH(CH3)2), 1.01 (d, 
3JHH = 6.30, 12H, CH(CH3)2,). 
13C{1H} 
NMR (C6D6, 75 MHz, 291.9 K) δ (ppm): 193.1 (CS), 50.1 (CH(CH3)2) 34.0 (CH(CH3)2), 
24.0 (CH(CH3)2), 21.8 (CH(CH3)2). 
119Sn{1H} NMR (C6D6, 112 MHz, 291.9 K) δ (ppm): 
290.9. Elemental analysis: Calculated (found) for C14H28N2S2Sn: C 41.29 (40.98); H 
6.93 (6.76); N 6.88 (6.70)%. 
 Single crystal X-ray diffraction data 
Single crystal X-ray crystallography of compounds 1, 5, 6, 8, 13 – 15 and 17 was 
performed on a New Xcalibur, EosS2 diffractometer. Using Olex2, the structure was 
solved with the olex2.solve structure solution program using Charge Flipping and refined 
with the ShelXL refinement package using Least Squares minimisation.Single crystal X-
ray crystallography of compounds 2, 7, 8, 11 and 12 was performed on a Nonius Kappa 
CCD utilising Mo-Kα radiation monochromated with graphite (λ = 0.071070 Å). 
Processing utilised the Nonius software, with structure solution and refinement using 
WINGX 1.6, SHELXS and SHELXL and visualised using Ortep 3. All of the crystals 





Table 5 Crystallographic data and refinement details for 1, 2 and 5. 
Complex 1 2 5 
Molecular formula C29H60N4O3Zr C32H64N4O4Zr C32H64N4O4Zr 
Molecular weight 604.03 660.09 660.09 
Space group P21/n C2 Cc 
a (Ȧ) 10.8077(5) 18.3482(7) 20.1357(5) 
b (Ȧ) 17.3778(8) 11.9920(5) 11.9920(5) 
c (Ȧ) 18.1390(9) 8.9002(4) 12.2443(3) 
α ̊ 90 90 90 
β ̊ 90.090(4) 112.527(2) 98.836(2) 
γ ̊ 90 90 90 
Dc (Mg m
-3) 1.178 1.212 1.192 
μ (mm-1) 0.354 0.341 0.336 
Reflections 
collected 
25934 13994 6983 
Unique reflections 6663 3951 6983 
Rint 0.0506 0.0518 0.0000 
R1 0.0521 0.0318 0.0517 






Table 6 Crystallographic data and refinement details for 6 – 8. 
Complex 6 7 8 
Molecular formula C28H56N4O4Zr C36H74N4O4Zn3 C32H64N4O4Zn2 
Molecular weight 603.98 823.10 699.61 
Space group P-1 P 21/n Pbca 
a (Ȧ) 11.7212(6) 12.08320(10) 14.0183(2) 
b (Ȧ) 16.1788(9) 24.9576(3) 11.8529(2) 
c (Ȧ) 19.0915(10) 14.2146(2) 22.4958(4) 
α  ̊ 69.599(5) 90° 90 
β  ̊ 79.594(4) 93.1120(5)° 90 
γ ̊ 81.912(5) 90° 90 
Dc (Mg m
-3) 1.214 1.277 1.243 
μ (mm-1) 0.367 1.705 1.320 
Reflections 
collected 
28277 64385 33305 
Unique reflections 13381 9780 4269 
Rint 0.0587 0.0821 0.0346 
R1 0.0924 0.0386 0.0348 






Table 7 Crystallographic data and refinement details for 9, 11 and 12. 
Complex 9 11 12 
Molecular formula C32H64N4O4Zn2 C10H21NO2Zn C12H28NOAl 
Molecular weight 699.61 252.65 229.33 
Space group P 21/c P 21/a C c 
a (Ȧ) 11.2304(2) 9.7209(4) 14.5936(5) 
b (Ȧ) 10.9776(2) 10.7249(3) 9.0628(3) 
c (Ȧ) 15.8802(3) 12.6250(5) 12.4555(5) 
α ̊ 90 90 90 
β ̊ 103.3844(7) 106.935(2)° 108.243(2) 
γ  ̊ 90 90 90 
Dc (Mg m
-3) 1.220 1.333 0.974 
μ (mm-1) 1.295 1.929 0.112 
Reflections 
collected 
36369 23526 9768 
Unique reflections 4344 2880 2734 
Rint 0.0437 0.0513 0.0341 
R1 0.0436 0.0379 0.0369 





Table 8 Crystallographic data and refinement details for 13 – 15 and 17. 
Complex 13 14 15 17 
Molecular 
formula 
C16H28NOAl C10H22AlNO C20H44Al2N2O2 C23H40N2S2Sn 
Molecular weight 277.37 199.26 398.53 527.38 
Space group I2/a P21/n P -1 C2/c 
a (Ȧ) 13.0821(7) 7.081(3) 9.1701(5) 14.9328(5) 
b (Ȧ) 15.5078(6) 15.801(5) 12.3385(6) 11.1960(3) 
c (Ȧ) 14.6367(8) 11.2865(4) 12.3608(6) 16.3662(5) 
α ̊ 90 90 85.414(4) 90 
β ̊ 99.492(5) 94.327(3) 69.581(4) 102.642(3) 
γ ̊ 90 90 69.296(4) 90 
Dc (Mg m
-3) 1.258 1.051 1.081 1.055 
μ (mm-1) 0.132 0.130 0.134 1.312 
Reflections 
collected 
12530 9673 10577 10461 
Unique reflections 3302 2895 5309 3009 
Rint 0.0480 0.0310 0.0219 0.0282 
R1 0.0807 0.0536 0.0565 0.0225 
wR2 0.1524 0.1121 0.1169 0.0438 
 
Compound 14 
The asymmetric unit comprises half of a dimer, the remainder of which arises by virtue 
of an inversion centre present in the space group. 
Compound 16 
The asymmetric unit comprises ½ of a molecule of the tin complex, with the central metal 
atom lying on a special position (2-fold rotation axis) available in this space group and a 
small amount of disordered solvent. The latter equates to ½ of a molecule of toluene in 
the asymmetric unit and this allowance has been included in the formula – although the 





 General Film deposition experimental procedures 
Thin films were deposited using a horizontal hot wall reactor, the aerosol was generated 
using a TSI atomiser and nitrogen was used as a carrier gas. Films were grown on 
2.5 cm x 15cm SiCO substrates (Pilkington NSG Ltd.), which were cleaned with 
iso-propanol, water, acetone and then dried under a flow of nitrogen gas. Solutions were 
made up in the glovebox and transferred to and sealed inside a metal bubbler. Solution 
concentrations, deposition duration and temperature are stated in the individual chapters. 
For each film deposited, 20 ml of the precursor solution was used.  
 
Figure 6.1 Schematic of the AACVD equipment.  
 




Powder X-ray diffraction was carried out using a Bruker D8-Advance diffractometer in 
flat plate mode with monochromated Cu Kα radiation (λ= 1.54056 Ȧ) in reflection 
geometry at 298 K. XPS measurements for films A – U were collected externally by 
Pilkington NSG Ltd. For each sample measurements were obtained using Scan mode and 
in accordance with Test Method RD-I-0612. The argon ion etch beam was operated at 
1KeV (M) producing a beam current of 1.56µA and was rastered over a 2.0 x 4.0mm area. 
A 20 second etch time per level was used with 300 levels of total etching. The X-ray spot 
size used was 400µm. The binding energy windows used in the acquisition of the profile 
were: O1s, C1s, Zr3d, Si2p, Ca2p, Na1s and Mg1s. XPS measurements for films V – BB 
were obtained at the National EPSRC XPS Users' Service (NEXUS) at Newcastle 
University, an EPSRC Mid-Range Facility. FESEM images of films H – L, M – O, Q – R 
and T – BB were collected using a Field Emission Scanning Electron Microscope 6301F, 
and top down with a JEOL 6480 Low Vacuum large stage SEM platform. The films were 
mounted onto steal SEM sample holders with conductive carbon tape attached to the film 
surface and the holder, unless stated otherwise the films were coated with 10 nm of 
chromium. FESEM images of films A – G were collected using the FEI NanoSEM 450 
and EDAX Octane plus EDS detector with TEAM software. AFM images were collected 
using Nanosurf® easyScan 2 FlexAFM system and imaged using Gwyddion software. 
UV/Vis spectra were recorded using a PerkinElmer LAMBDA 750/650 UV/Vis and 
UV/Vis/near-IR spectrophotometer. Measurements were recorded 1000 to 300 nm. 
 Reference 
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